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Preface 


The healing energy requirement of buildings can be reduced from today's high levels to 
altruist zero rl buildings ate thoroughly insulated, passive solar gains through windows are 
used efficiently, and the supply of fresh air takes place via a heat-recovery system. 
However, all buildings still have an energy requirement lot electricity and warm water 
provision which cannot lx- met by passive measures. Active solar technologies are 
especially appropriate for meeting this energy requirement, as ihe elements can be 
integrated into tire shell of the building. Ihus substituting classical building materials and 
requiring ixs additional area. Solar n.idules lor photovoltaic electricity production can be 
built like glazing into all common construction systems, and are characterised by a simple, 
modular system technology. Thermal collectors with water and air as I veal conveyors are 
installed for warm water provision and heating support, and can replace complete tool 
covers if live collector surface is large. For tuJay's increasing air-conditioning and cooling 
demand, especially in office buildings, thermally driven low-temperature techniques are 
interesting: these can use not only solar energy bill also waste heat. Apart from electricity 
production, solar beating and cooling, solar energy is used in live form of day light and Ihus 
contributes to a reduction in lire growing electricity consumption, l ire intention ol tins book 
is to deal with all solar technologies relevant to meeting lire energy requirements of 
buildings, so that Kith live physical background is understood and also coixrcte approaches 
to planning are discussed, five basic precondition for Ihe sizing of aclive solar plants is a 
reliable database for hourly recorded iiradiance values. New statistical procedures enable 
Ihe synthesis of hourly radiation data from monthly average values, which are available 
world-wide from satellite data, and also partly from ground measurements. For Ihe use of 
solar technologies in urban areas, an analysis of Ihe mutual shading of buildings is 
particulaily relevant. 

Solar thermal systems with air- and water-based collectors are a widely used 
technology. For live engineer-planner. Uic system-oriented aspects such as interounnecting. 
hydraulics and safety are important, but for the scientific simulation of a thennal system live 
heat transfer processes must also be examined in detail. Ihe f*rl that with thennal 
COllectois not only heat can be produced, is planted out in Ihe extensive section on solar 
cooling. The current technologies of adsorption and absoiptlun cooling as well as open 
sorption-supported air conditioning can all be coupled with theimal collectors and otfer a 
laige energy-saving potential, particularly in office buildings. 

Photovoltaic generation of electricity is then discussed, with live necessary basics for 
cuirenl-voltage characteristics as well as live system-oriented aspects. Since photovoliaics 
olfers particularly interesting building integration solutions, new procedures for live 
calculation of thermal behaviour must be developed. For these new elements, component 
characteristic values are derived, which are needed for live building's heating-requirement 
calculations. 

Ihe btx* concludes with a discussion of passive solar energy use. which plays an 
important role in covering heat requirements and in rise use of daylight. What is crucial fin 
the efficiency of solar energy is Ihe effective storage capability of the components, winch 
must also he known in eases where transparent thermal insulation is used. Linking an 
outline of basic physical principle* w ith their applications is designed to facilitate a sound 
knowledge of innovative solar-building technologies, and to contribute to their being 
accepted 111 planning practice. 
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Abbreviations in the text 


A area (in') 

.•V- receiver surface [m 1 ] 

A. sender surface | m') 

cross-section surface (nr] 

C charge concentration (kgico'kg,..] 

band gap (eV) 
irradiance (W/m 1 ] 

extraterrestial irradiance on horizontal plane (W/m 1 ] 
extraterrestrial irradiance on plane oriented normally to beam |W.'nr) 
solar constant [WAn*] 

irradiance on liuri/ontal plane (global irradiance) (W/m 1 ] 
direct beam irradiance [W/nr] 
diffuse irradiance on horizontal plane (W/itr] 

(i, irradiance on lilted plane (W/m 1 ] 

I current (A] 

Id saturation current (A] 

I* short circuit current (A] 

K extinction coefficient [m -1 ] 

L characteristic length [m] 

L_. irradiance density [W/m'sr] 

L, luminance (Im'm’sr) 

Nu Nuftelt number (-] 

Pr Prandtl number (-] 

Pm AC power |W] 

P IX . IX.’ power |W] 

Q, useful energy (kWh] 

K resistance ( 12 ] 

R„ heat resistance between absorber and glas cover (m'KW) 

R, .,. heat resistance between glas cover and env ironment [m'KAV] 

Re Reynolds number (-] 

R p parallel resistance (12] 

R, senes resistance (12] 

S d shading factor for diffuse mudiance (-] 

T temperature |K] 

T, absorber temperature |K] 

adsorber temperature |K] 

T s back side temperature (K] 

desorber temperature [K] 

T« evaporator temperature [K] 

Tr fluid temperature (K] 

Ti„ fluid inlet temperature |K) 

Tim fluid exit temperature (K| 

T, glas temperature (K| 

T (i generator temperature (K) 

la, sky temperature (K| 

T 0 outstdo'exterior temperature (K| 




Abbreviations in the led 

mom temperature |K) 

condenser temperature |K) 

dew point temperature (K) 

heat transfer coefficient (U-value) (W 'm-'K) 

effective U-value [W.m'K] 

heat transfer coefficient front [W/in-K) 

heat transfer coefficient baek [\Wm*K] 

heat transfer coefficient per metre length (W.'mK) 

heat transfer coefficient side wall [W.m'K) 

total heat transfer coefficient [W.m'K) 

voltage [V) 

spectral sensitivity of the eye [-) 
volumetric content collector [litre) 
volume collector circuit [litre) 
open-circuit voltage (V) 
width [ill) 

heat capacity of air [JkgK] 

heat capacity of water vapour (JkgK) 

hydraulic diameter [m| 

gravity constant [nvs') 

elementary charge (C) 

heat transfer coefficient [WVm'K) 

convective heat transfer coefficient [W.m'K) 

convective heat transfer coefficient due to w ind forces [W/m’K] 

radiative heat transfer coefficient [W/m'K) 

evaporation enthalpy (kJ kg) 

enthalpy outside air (kJ.kg) 

enthalpy liquid (kJ/kg) 

enthalpy vapour [kJ.kg) 

photometric equivalent [bn'V) 

avalanche coefficient [-) 

pressure dry air (l*a) 

pressure w ater vapour |I’a) 

velocity[m) 

luminous flux (Im). heat recovery efficiency [-) 

optical absorptions coefficient [-] 

temperature coefficient of current (K -1 ) 

temperature coefficient of voltage [K _l ) 

orientation angle from horizontal [ ’) 

heat expansion coefficient [ K _l ) 

slieet tluckiwx [in) 

emission coefficient [-) 

kinematic viscosity (m'/s) 

concentration of neh solution [-) 

concentration of poor solution [-) 

efficiency [-) 
reflection coefficient 
transmission coefficient [-) 
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1 Solar energy use in buildings 


l.l Energy consumption of buildings 

Buildings account today for about 40% of the final energy consumption of the European 
Union, with a large energy saving potential of 22'-r in the sboit term (up to 2010). Under 
the Kyoto protocol. Use European Union has committed itself m reducing the emission of 
greenhouse gases hy X% in 2012 compared to the level in 1990. and buildings have to play 
a majoi role in achieving this goal. Tlie European Directive for Energy Performance of 
buildings adopted in 2002 (to be implemented by 2005) is an attempt to unify the diverse 
national regulations, to define minimum common standards on buildings' energy per¬ 
formance and to provide certification and inspection mles for treating and cooling plains. 
While there are already extensive standards on limiting heating energy consumption 
(EN832 and prEN 13790). cooling requirements and daylighting of buildings are not yet set 
bv any European standard. Hie reduction of eneigv consumption in buildings is of high 
socio-economic relevance, with the construction sector as Europe's largest industrial 
employer teptese tiling an annual investment of X(>X x 10 v € 12001) corresponding to IW of 
gross domestic product. Almost two million companies. 97% of tlieni small and medium 
enterprises. employ more than X million people (European Commission. 19971. 


transput! 



huildinct 


41*U 


Figure l.l: DiMnlxition of end cicr) curuumjihtm within thr Fimijx\in Union with a total value of 
10’-' MWh |S3 year iDctchampi. 2001). 


The distribution of energy use varies with climatic conditions. In Germany, where 44% 
of primaiy eneigv is consumed in buildings. 32% is needed for space heating. 5% for water 
heating. 2 '< for lighting and about 5% for other electricity consumption in residential 
buildings (Dickinann. 1997). Hie dominance of heat-consumption, almost 80% of the 
primary energy consumption of households, is caused by low themial insulation standards 
in existing buildings, in which today 90% and even in 2050 (*)'i of residential space will 
be located I Ministry for Transport and Buildings. Germany. 2000). 

Since the 1970s oil etisis the heating energy icquirement. particularly of new buildings, 
has been continuously reduced by gradually intensified energy legislation. With high heat 
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insulation standards and tltc ventilation concept of passive houses. a low limit of heat 
consumption has meanwhile been achieved, which is around 20 times lower than today’s 
values. A etueial faetor for low consumption of passive buildings is the development of 
new glazing and window technologies, which enable the window to be a passive solar 
element and at the same time cause only low transmission heat losses. In new buildings 
with low heating requirements other energy consumption in the form of electricity for 
lighting, power and air conditioning, as well as in the form of warm water in residential 
buildings, is becoming more and more dominant. Eleetiieity consumption within the 
European Union is estimated to tise by 5CK5 by 2020. In this area renewable sources of 
energy can make an important contribution to the supply of electricity and heat. 


1.1.1 ResidenlidI buildings 

Due to lire wide geographical extent of the European Union of nearly 35" geographical 
latitude diffetenee (36° in Greece. 7() : in noithetn Scandinavia), a w ide range of climatic 
boundaty conditions are covered. In Helsinki (60.3' northern latitude), average exterior air 
temperatures reach -6°C in January, when southern cities such as Athens at 40“ latitude 
still have averages of +10°C. Consequently the building standards vary widely: whcieas 
average heat transfer coefficients (U-valuesl for detached houses are I W/nt'K in Italy, they 
ate only 0.4 W/m*K in Finland. The heating energy demand determined using the European 
Standaid EN 832 is comparable in both eases at about 50 kWh/m'a. 

If existing building standards are improved to the so-called passive building standard, 
heating energy consumption can be lowered to less than 20 kWh/m J a. The required U- 
values for the building shell are listed below for both eurient practice buildings and passive 
buildings. 


Table 1.1: lvalues in residential buildings according to national building standards and the 
requirements of passive buildings construction (Tnrsehel. 2002). 



Rome 

Helsinki 

Stockholm 

U»\nSues 

Current 

standard 

|WVrn ? K| 

Paxsive 

building 

|\V/m*K) 

Current 

standard 

|W/m*K| 

Passive 

building 

[W/m 2 K| 

Current 

standard 

|W/m*K| 

Passive 

building 

|W/m 2 K) 

Wall 

0.7 

0.13 

0.28 

0.08 

0.3 

0.08 

Window 

5 

1.4 

2.0 

0.7 

1.7 

0.7 

Roof 

0.6 

0.13 

0.22 

0.08 

0.28 

008 

Ground 

0.7 

0.23 

0.36 

0.08 

0.21 

0.1 

Mean 

U value 

1.0 

0.33 

0.43 

0.16 

0.36 

0.17 


The lesulting heating energy requirenkent for current building practice varies between 
55 kWWm’a in Stockholm/Swcden and 93 kWh/m'a in Helsinki/Finland. Tl>cse values can 
be lowered by nearly 8CK5 wl>en applying better insulation to the external surfaces and 
reducing ventilation losses. 

Independent of the standard of insulation, water heating is always necessary in 
residential buildings, and this lies between about 220 (low lequirement) and 1750 kWh per 
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pci sun per year (high requirement). depending on die pattern of consumption. For the 
middle requirement range of 30-60 litres pet person and day. with a warm-water 
temperature of 45°C. tire result is an annual consumption of 440-880 kWh per person, i.e. 
1760-3520 kWh for an average four-person household. Related to a square mem? of heated 
residential spaee. an average value of 25 kWh/m’a is often taken as a base. 



Rons? Helsinki Strchlolm 


Figure 1.1 Heating energy demand lor residential buildings in three European elimates with current 
practice eonsliucisons (high values) and passive building standards (low values!. 

The average electricity consumption of private households. around 3600 kWh per 
household per year, is of a similat order of magnitude. Related to a squate metre of heated 
residential space, an average value of 31 kWh/m'a is the result. An electricity-saving 
household needs only around 2000 kW'h/a. In a passive building project in Daimstadt 
(Germanyl. consumptions of between 140) and 220) kWh per household pet year were 
measured, which corresponds to an average value of 11.6 kWh/m'a. Low energy buildings 
today have heat requirements of between 30 and 70 kW'h/m'n 





Figure 1.3: End energy consumption in residential buildings per square metre til heated Iluor space in 
German*. 
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1.1.2 Office anil administrative building* 


Existing office and administrative buildings have approximately the same consumption of 
heat as residential buildings and most have a higher eleetmity consumption. According to a 
survey of tin* energy consumption of public buildings in the state of Baden - Wuetttembcrg 
m Germany the average consumption of heat is 217 kWhfai’a, w ith an average electricity 
consumption of 5*1 kWli/m'a. The specific energy consumption of naturally ventilated 
oltice buildings in Gicut Bniain is in a similar runge of 200-220 kWh/m'a foi heating and 
48-85 k\Vh/m'a for elccthcity consumption (Zintmcrmann. Anders son. 1998). If tlie final 
energy consumption for heat and electricity is convened to priinaiy energy consumption, 
comparable orders of magnitude of both eneigv proportions result. Still more im|x>itant ate 
the slightly highci costs of electricity. 
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Figure 1.4 Annual energy cumumptinn and operating enviv nr public building* in Duden- 
Wuertlembcrg • an ami of 4.4 mi limn square metre*). 


Both heal and electricity consumption depend stiunelv on the building's uw. In term* ol 
the specific costs, electricity almost always dominates. 



Figure* 1.5: Final energy cunvumptiixi by building type in Iladcn Wocrttcmbcrg. 
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II one compares like energy costs of commercial buildings with ihe remaining current 
monthly operating costs, the relevance of a cost-saving energy concept is also apparent 
here: more than half of like running costs are accounted for by energy and maintenance. A 
large part of like energy costs is due to ventilation and air conditioning. 



1 


Figure 1.6: Percentage divtiibution of updating costs of office buildings per square metre of net 
surface area. 


Heat consumption in administrative buildings can be reduced without difficulty, by 
improved thermal insulation, to under 100 kWh/m'a. and even to a few kWh per square 
metres and year in a passive building. Related to average consumption in the stock, a 
reduction to 5-10% is possible. Electricity consumption dominates total energy 
consumption where the building shell is energy-optimised and can be reduced by 50% at 
most. Even in an optimised passive energy office building m southern Germany, the 
electricity consumption remained at about 33 kWh/m’a. mainly due to the consumption of 
energy by office equipment such as computers. 
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Figure 1.7: Measured consumption of electricity, heal and water healing in Ihe first operational year 
of an office building with a passive house standard in Weilheini/Teck. Germany (Scebergcr. 201)2). 
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While the measured values for heat consumption correspond well will) the planned 
values, the measured total electricity consumption exceeds the planned value of 23.5 
IWWm'a by 42'i. 

A survey of good practice in office buildings in Biitam showed that tire electricity 
consumption in naturally ventilated offices is 36 kWh/m'a for a cellular office type, rising 
to 61 kWhfntfa for an open plan office and up to 132 IWh'm'a for an air-conditioned office 
(Zimmermann. 1999). 


1.1.3 Air conditioning 

In Europe energy consumption for air conditioning is tising rapidly. This is due to 
increased internal loads through electrical office appliances but also to increased demand 
for comfort in summer. Summer overheating in highly gla/ed buildings is often an issue in 
modern office buildings, even in northern European climates. This unwanted and often 
unforeseen summer overheating leads to the curious fact that air conditioned buildings in 
northern Europe sometimes consume more cooling energy than those in Southern Europe 
that have a more obvious architectural emphasis on summer comfort. According to an 
analysis of a range of office buildings, an average of 40 kWh'm'a was obtained for southern 
climates, whereas 65 kWh/m'a were measured in nonhem European building projects (Mat 
Santamouris. University of Athens, private communication. 2002). 

The largest European air conditioning manufacturer and consumer is Italy, accounting 
for nearly half of all European production t Adnot. 1999). Sixty-nine per eent of all room air 
conditioner sales are split units, with total annual sales of about 2 million units. In 1996 the 
total number of air conditioning units installed in Europe was about 7 500000 units. 
Between 1990 and 1996 the electricity consumption for air conditioning in the European 
Union has risen from about 1400 GWh/year to 11 000 GWh/year and further increases up 
to 28 000 GWh/year arc predicted by Adnot for the year 2010. Without any policy 
intervention or technological change for solar or waste heat-driven cooling machines, the 
associated CO. emissions will rise from 0.6 million tons in 1990 to 12 million tons in 2010. 
The average coefficients of performance for all cooling technologies is currently about 2.7 
(cooling power to electricity input!, w ith a target of about 3.0 for 2015. 

Cooling energy is often required in commercial buddings, w ith the highest consumption 
world-wide in like USA. In Europe the cooling energy demand for such buildings varies 
between 3 and 30 MWh/year. Very little data is available for area-related cooling energy 
demand. Breemhroek and La/aro (19991 quote values between 20 kWh/m'a for Sweden. 
40-50 kWh/m'a for China and 61 kWh/m'a for Canada. 
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Figure I 8: Cooling energy demand foe new commercial huildings < Brcctnhrivk and Larant, IW9). 


Under Gentian climatic conditions, demand for aii conditioning exists only in 
administrative buildings with high internal loads, provided of course that external loads 
transmitted via windows are reduced effectively by sun-protection devices. In such 
buildings, the average summer electricity consumption for the operation of compression 
refrigerant plants is about 50 IWh/m’a. if. the primary energy requirement lor arr- 
conditinnmg is 150 kWh/m'a. higher than the heating energy consumption of new buildings 
(Franzke. I995t. 

In Southern Europe, the installed cooling capacity is often dominated by live residential 
market. Although in Spain less than ICKt of homes have air conditioning systems. 7I'« of 
the installed cooling capacity is in the residential sector (Granados. 1997). 

About 5(K- of internal loads are caused by office equipment such as PC's (typically 150 
W including the monitor), printers (190 W for laser printers. 20 W for inkjetsi. 
photocopieis (1100 W) etc . wluch leads to an area-related load of about 10-15 VV/m*. 
Modem office lighting lias a typical connected load of 10-20 \V/m’ at an illuminance of 
.<(">-500 lx. The heat given off by people, around 5 WVm* in an enclosed office or 7 W/m* 
in an open-plan one. is also not negligible. Typical mid-range internal loads are around 30 
W/m' or a daily cooling energy of 200 Wh/m'd. in the high range between <10-50 W/in* and 
3(H) Wh/m'd (Zimmerman n. 1999). 


Table 1.2: Approximate values fw nominal flux of buhl, and specific connecled loads of energy 
saving lighting exmeepts (Slememann n ill., 1902). 
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External loads depend greatly on ihe surface proportion of ihe glazing as well as ihc 
sun-protection concept. On a south-facing facade, a maximum irradiation of 600 WYm* 
occurs on a sunny summer day. The best external sun-protection reduces this irradiation by 
XfFS. Together with the total energy transmission factor (g-value) of sun-putectkni glaring 
of typically 0.65. tl»e transmitted external loads are about 7X W per square metre of glaring 
surface. In the case of a 3 in' glaring surface of an enclosed office, the result is a load of 
234 W. which creates an external load of just about 20 W/m' based on an average surface 
of 12 in’. Tins situation is illustruted in the Figure 1.9 for south, east and west-faring 
facades in the summer. 



0 2 4 6 H 10 12 14 16 I* 20 22 24 
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Figure I .M: Diurnal variation of inadiancc on dilleicnt facade oncnlalamt and tninstnitltd irradiance 
by a sun-pinterled sinilh facade on a day in August (5tullgaj1l. 


The reducing coefficients of sun-protection devices depend paiticularly on the 
airangement of the sun protection: external sun pru lection can reduce the energy 
transmission of solai radiation by 80 ‘v. whereas with sun protection on tike inside a 
reduction of at most 6IK« is possible. 


TaMc 1.J: Energy reduction coefficients ol mteinal and etlonal sun pmlectiim tZiinncniunn. 
1999). 
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The total extcinal and internal loads leads hi an average cooling load in administrative 
buildings of around 50 W/m*. 
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la’uri* 1 JO: QrcurTCiKC o( typical Inal* of admimuratitc building* in Germany. 

With a cooling load of 50 W/m* the load* ate typically di.Ntiibuted a* shown in 
Figure 1.11. 



Figure I. II: A typical breakdown of the cooling load at a total load of 50 W/m*. 


1.2 Meeting requirements bv active and passive solar energy use 


1 . 2.1 Active tolar energy use lor electricity, heating anil cooling 

Active solar-energy use in buildings today contributes primarily to meeting electricity 
requite menu by photovoltaics. and to warm water heating by solar thermal collectors. 
Meeting the spate heating requiicment by solar thermal systems is recommended if 
conventional heat insulation potential is fully exhausted or if special demands such as 
monument protection 01 facade reiciuion do not peimit external insulation. Support heating 
with thermal collectors, with small cuntiibutions of approximately 10-309. is always 
possible without significant sutface-specific losses. Ouuide*air pre-heating with thermal ait 
collector can also make a significant contribution to reducing ventilation lieut losses. 

In air-conditioned buildings, thermal cooling pivicesses such as open and closed sotption 
processes can he powered by active solar components. 

When considering the potential ttolai eontrihuuon to the diffeteni energy requirements 
in buildings (heating, cooling, electricityI. it is necessary to analyse the solar irradiance. tlte 
transformation efftcieney of the solar technology in question and the available suifaee 
potential in buildings as well as the economically usable potential. 
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For a find design of a solar energy system, it is usually sufficient lo consider like annual 
solar energy supply on like receiver surface. The maximum annual irradiance is achieved in 
the noithern hemisphere on south-facing surfaces inclined ai an angle of the geographical 
latitude minus ahoul 10°. In Siuiigait ihe maximum iiradiatum on a 38" inclined south- 
facing surface is 1200 kWIt/m'a. A deviation front souih orientation of + or - 50' leads lo 
an annual irradiation reduction of 10%. A south-facing facade receives about 72% of the 
maximum possible irradiation (!„„ (defined in Figure 1.12 as 100%). 
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Figure 1.12: Annual irraJuilion depending on surface a/imulh and angle of inclination in Stuttgart 
(StaiB. 1996). 


An a/intuih of 0“ corresponds here lo south-orientation. From suifaec orientation and 
system efficiency of like selected solar technique, the annual system yield can be estimated. 
Thus for example a photovoltaic solar system with an efficiency rjr, of 10% on a south- 
facing surface inclined at 40' from live horizontal, at an annual irradiation C of 1200 
kWWm’a. produces an annual system yield of 

0„=.|„G«O.IxI2QO**2=I2O^ 

»i-n »t*o 


and accordingly a thermal solat plant for water heating with 35% solar thermal efficiency 
r/,. produces about 


Q 


0-0.35x1200^-420^ 

m 2 a m 2 a 


For an economical electricity consumer with a yearly consumption of 2000 kWh. 
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17 in’ PV system would be sufficient to meet annual requirements (this corresponds to an 
installed performance of about 2 kWi. Accordingly, in administrative buildings with an 
electricity requirement of between 25 and 50 kWh/m'a. a PV system w ith 20-40% of the 
effective area would have to be used to fully cover requirements. 

On this calculation basis, for a medium-range warm water requirement of 2500 kWh per 
year, a surface of 6 m* would be sufficient for 100'S cover. 



crystalline aiixuphoip thermal 

photovoltaic* phutovoltaics collectors 
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thermal air collectors 
collectors pre-healing 
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Figure 1.13: Average annual system efficiencies of active solar technologies. 


However, because of low itradiance levels in winter, live annual requirements w ith thrs 
surface are covered to 60-70% at most. With heating-supporting systems it is assumed that 
all-year use of the thermal collectors is possible through warm water heating in the 
summer. Due to the oversizing of the collector surface in the summer, however, live specific 
yield drops. 

For more specific uses of solar technology for heating only (for example, air collectors 
for fresh air pre-heating) or cooling, the irradiance must he divided into at least the two 
periods of summer and winter, in order to make possible a rough estimation of yield. 



Qhcnzonial □ -O' south roof □ 90° soulh facade 


Figure 1.14: Monthly irradiation of dillaefilly inclined surfaces In Stuttgart. 


If. for example, an air collector system, displaying a high efficiency of 50% with small 
rises in temperature and no heat exchange losses, is used on a south-facing facade for fresh 
air pre-heating, then an energy yield of 200 kWh/m* can be obtained during a heating 
season irradiation (Oetober-Apiil) of 400 kWh/mf 
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With solar thermal applications for air-conditioning, the system efficiency is calculated 
as the product of the solar yield ij„ and the performance figure of the cooling machine. 
With open or closed sorption systems with low-temperature heat drive, tire performance 
figures are. for instance. 0.7-0.9. If. for example, the summer irradiation (June-September) 
on a south-facing roof area is 575 kWh/m*. and tire thermal efficiency rj,. of the solar plant 
is on average 40%, a surface-related energy quantity for air-conditioning of 

Cl„„ =n.,GxCOP = 0.40x575^x0.8* 184— 

tn m 

Thus in the case of an average cooling power requirement of 125 kWh per square metre 
of effective area, live result is an area requirement of 0.7 m' collector surface per square 
metre of effective area. Although irradiation and cooling requirements clearly correlate 
better in summer than in winter, a possible phase shift between supply and requirement 
cannot be considered in tire rough estimation. For this, dynamic system simulations based 
on the physical models described in the follow ing chapters are necessary. 


1.2.2 Meeting heating energy requirements by passiw solar enetgy u<e 

The most important component of passive solar energy use is the w indow with w hich short¬ 
wave irradiation can be very efficiently converted into space heating, and daylight made 
available. The total energy transmission factor of tire gla/ing corresponds to efficiencies of 
active solar components, about 65% with today's double gla/ed coated low-emissivity 
windows. Thus an energy quantity of 260 kWh/m* per square metre of w indow area can be 
obtained on a south-facing facade in the healing season, as long as no space oveitteating 
occurs in the transition period due to ov er-large window areas. 




gG = 0.65x 400 


kWh 


m 


260 


kWh 


m 


For a net energy balance, transmission heat losses must be deducted from solar gains, 
which for a thermally insulated gla/ing with a heat transfer coefficient (U-value) of 1.1 
W/m*K are about 90 kWhfm*. The result is a net maximum energy gain of some 170 
kWWm*. 

A further element in passive solar energy use is transparent thermal insulation of solid 
external walls. With similar values as good thermally insulated gla/ing tU-values around 1 
W/m’K and g-values between 0.6-0.8. depending upon thickness and structurel. similar 
energy savings to windows can he made with transparent thermal insulation. Here. too. 
overheating problems are crucial in the spring and autumn transition period for tire total 
yield, which in practice lies between 50 and 150 kWWm*. 




2 Solar irradiance 


A square metre of horizontal Eailh surface receives, under German climatic conditions, 
between 925 kWh/m' in the north to 1170 kWh/m* in the south solat irradiance annually, 
i.e. a daily average of anxind 3 k\Vh/m*. Diieet solar irradiance accounts for just about 
5CKS: like remainder is diffuse irradiance front the atmosphere. In southern Europe the 
annual irradiance on a horizontal surface can reach up to 1770 kWh/m* (Almeria/Spain at 
37“ northern latitude). In noithcrn Eumpe with geographical latitudes between 60-70* the 
irradiance drops from 990 kWh/m' in Helsinki to a low of 700 k\Vh/m' in northern 
Norway, where there is no sun for four months in winter. 

For the dimensioning and yield prognoses of active and passive solar technology in 
buildings, it is often not sufficiently exact to dcteiminc only the monthly or annual solar 
irradiance on a roof or a facade surface and to then multiply this by the system efficiency. 
In paiticular with live thermal use of solar energy (active and passive), the dynamic storage 
behaviour of building components and heat stores is decisive for the solar contribution to 
energy requirements. 

For system simulation a temporal resolution of the solar iiradianee of one hour has 
proved a gixxl compromise between computational accuracy and computational time, so in 
what follows, time series of hourly average irradiance will be presented. On the basis of the 
purely geometry-dependent hourly iiradianee on a surface outside the atmosphere, 
extraterrestrial irradiance. weakening and dispersion in the atmosphere are taken into 
account using statistical methods. Allocation of the irradiance into a direct propoition of 
irradiance diffused by atmospheric dispersion enables the conversion of horizontal 
irradiance on surfaces oriented at any angle. The effect of shading, which plays a 
significant role paiticularly in uiban space, can be determined from the geometrical 
relationship between recipient surfaces and points in the sky. 


2.1 Extraterrestrial solar irradiance 


2.1.1 


Power and spectraI distribution of solar irradiance 


The radiating power of the sun results from a process in w hich four hydrogen nuclei fuse 
into a helium nucleus. The lesulting loss of mass, totalling 4.3 million tons per second, is 
transferred into a freed power of 3.K45 x lO'" W. This energy, released at extremely high 
temperatures (> 10 Ki. is transferred by irradiance and convection to the outer 
photosphere. 

Extraterrestrial irradiance develops predominantly in the photosphere, which is 
composed of inhomogeneous gases of low density. The photosphere consists of strongly 
ionised gases which constantly recombine with free electrons and whose kinetic energy is 
transferred into a continuous irradiance spectmm. Over it is a reversal layer of some 
100 km thickness, which contains almost all the elements in the earth's ciust. The 
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chromosphere, consisting of hydrogen and helium and about 2500 km thick, forms the 
sun's atmosphere together with the reversal layer. The coiona. which expands far into the 
solar system, is a gas layer much hotter than the chromosphere (Iqbal. 19831. If the sun is 
regarded as a black body, an equivalent irradiance temperature. 7,. ean be calculated from 
the specific radiant emittance M. on the basis of the Stefan-Bollzmann Law (with the 
Boltzmann constant a = 5.67051 x 10' \V/<m'K‘)). The specific ladiant emittance is 
defined as the relationship of total radiating power <> and sun surface A, (6.0874 * I0 1 * 
km 1 ). 



3.845x10*0' e3 | [ MW 
6.0874xl0"m : ” ’’ m : 


5777 K 


t 


corona I0-20MHI. km 



( 2 . 1 ) 


Figure 2.1: Slruclurc of the sun (not to wale). 

The irradiance G, outside the terrestrial atmosphere. known as the solar constant, can 
be calculated from the entire radiant emittance of the sun (the product of specific radiant 
emittance and sun surface AM,k by relating this radiant emittance to a square metre of the 
spherical surface A„. which is formed by the radius of the distance earth-sun. The average 
distance between tike eaith and the sun of r„ = 1.4% * 10" m is called an astronomical unit 
<AU). 




Solar irnuiiuncc 


15 




: 1*3.1 I 


6.9598 x 10 
1.4959789 X 10 


' 't£!L = ,36 7 £. 

0" j ■’ m 


ai) 


The sun's fudtating power of 3.K45 * llP W is diluted by the squared lebtionslup of its 
radius r M 10 ihe sun-earth distance /„ (factor 2.16 x 10 ). 
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Figure 2 2 : Sun radius and sun earth distance 

The deviations between the spectral distribution of a black emitter and measured 
extraterrestrial uiudiance are caused by absorption and dispersion in the outer, cooler layers 
of the photosphere, which upatt from hydrogen and helium contains about 2 % by mass of 
heavy elements. Altogether 20 000 accurately measured ahsoiption lines in the solar 
speeiiuni can be observed. 



Figure 2.5: Measured and caleulatrd spectral distnhution of Ihe sun 


The s|>eetral radiant emittanee of a thermal emitter Gi |in Wm 'p 'l is calculated, using 
Planck's iitadiance law. as a function of live temperature I |K| and wavelength k |pm|: 

G, =_-_ (2.3> 

A'(exp(C/(Ar))-l) 

with constants C, = 3.7427 * 10* W |im 4 m" 2 and C, = 1.4388 x 10* pm K. At a sun sutface 
tempetature of 5777 K the calculated spectium is illustrated in Figure 2.3. If the 
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extraterrestrial irraduince is integrated over the wavclengllu the cumulative iriadianee 
power can he calculated. Only 48% of ihe extruicriestrial irradiance intensity is in the 
visible range of 380—780 nm < I nm = 10 * tn|. Apart from ultraviolet irradiance « 380 tun), 
which accounts for 6.4% of die total intensity. 45.6‘r is given off in the upper infrared. 
Above 3000 nm the itradiunce is negligible. 




Figure 2.4: Spectral Intensity and cumulative power of e.vlraierreitrial irradiancc. 

Total ultraviolet iitadiancv below 0.38 |im is about 02.6 W/nr. Tlie visible atea within 
die broken lines has a total power of 6611 W/nr. and the remainder of the total irradiance of 
1367 W/ra s is infrared. 

2.1.2 Sun-Earth geometry 1 

The orbit of the earth around the sun in the so-called ecliptic plane is slightly elliptical with 
a minimum distance of 0.983 AU on 3 January and a maximum distance of 1.017 AU on 
4 July. 
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Figure 2.5: Ecliptic plane anil fxiwtnm of ihe earth at the v» mtci and .\umnun toUliccc and aLtu at ibe 
spnnp and autumn ei|utnn*CH. 
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The changing distance leads in a fluctuation of ilie extraterrestrial iiradiance on a 
normal surface (i.„ of approximately ±3'5. For a given day-number « die Iiradiance can be 
calculated by a simple approximation foimula (Duffie and Beckmann, 198U| (emu < 0.3'!) 
or more exactly by a Fourier senes expansion (Spencer, 1971). 
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Figure 2.6: Variation of the extraterrestrial triad once on a Quintal surface calculated by Fiiunct 
expanuun (thick curse) and by the approximation cijuatton (llim curse). 


2.1.2.1 Equator coordinates 

The eanli luloles mound Us polar axis, which is inclined ai 23.45" lo the notinul of die 
ecliptic plane. Hie daily iriadianee fluctuations are caused by the roiaiion on the polar axis, 
the seasonal ones by die inclination of the polar axis relativ e to the sun. Let us first analy se 
the seasonal modifications of the iiradiance. which result hum the movement of the Earth 
atound die win with the polar axis in a constant position in space. 

Declination 

If the sun ts dieureiically 'observed' from die centre of die earth during the annual 
circulation of the earth around the sun. die angle between sun direction and equatorial plane 
constantly changes. This angle is called die declination and is positively defined in the 
northern hemisphere. Positive declination angles (sun above the equator) lo a maximum of 
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23.45“ characterise the summer in ihe northern hemisphere. negative decimation angle* ui 
-23.45" ihc winter. Al the autumn and spring equinoxes, the declination is 0". 



Figure 2.7: Puwliiv ami negative declination angle* in summer and winter in the northern hemisphere 

The change in declination in one day is at most 0.5 and is often ignored. The 
declination can be calculated by a simple approximation equation or by a Founer series 
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Hour angle and equation of time 

While the declination clearly determines tlie position of the earth m the ecliptic plane 
relative to the sun. the hour angle characterises the daily irradiance fluctuations due to the 
earth's rotation. The houi angle is defined as the angle between local longitude and the 
longitude at which the sun is at its zenith. Hour angle to = 0 means the highest position of 
the sun duting the day (the so-called upper culmination), i.e. in the northern hemisphere the 
ume when tlie sun is exactly in the south. The true solar time or the uue local time TLT is 
12011 lu at the highest position of the sun. 



Figure 2.S: I lour angle ID of the sun as an angle deviation between local longitude and longitude with 
the sun at its zenith 
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A Bin's day ol o» = 0 io to = 36(1“ is ihe |viiu.l between two consecutive .lays in which 
the sun crosses ihe local meridian (degree of longitude of the observer) m ej_h case. Since 
tlie earth does not move at a constant rate in its elliptical orbit, one sun-day is nut exactly 
24 h long. At the nearest point to live sun ipctihelion on 3 January), the velocity is highest, 
according to Kepler’s second law. in. the sun-day is at its shoitcst; at the furthest point 
(aphelion on l July! it is smallest. This velocity-determined whole-year period is overlain 
by a second deviation with biannual periodicity, which results from the projection of 
sections of orbit of equal length on the ecliptic plane onto sections of orbit of different 
lengths on the equatorial plane. 

In order to calculate the hour angle and thus the true solar tune TLT fnim the Icval time- 
of-day with a day length fixed to 24 h. the local time must be corrected by this temporal 
deviation (equation of time £, in minutes). 

F _ , >(J , 1 0.000075 + 0.00 1 868 cos ff - 0.032077 sin 6 \ , ^ 

1 [-0.0l46l5a*2/f-0.040849sin2fl J 



day of yearn |-| 

Figure 2.9: Equal ion of lime o» a deviation of Ihe line solar time from universal time. 

A further correction of local time is necessary, as only /ones of around I5‘ longitude 
have their own standard lime: there is noi one for each degree of longitude. In most 
Western Euio|ieuii countries. Central European Time applies, which corresponds to 15° 
longitude east. For each degree of deviation between local (Aw.ul and Standard Time 
Meridian a longitudinal correction L, of 4 minutes must he taken into account 

(360-/(24 h * 60 tnin/h)). 

[min] (19) 

The true local time II.T (or solar timel therefore results from the standard time 
collected by tile constant longitude collection as well as by die equation of time. Dunng 
Central Euro|iean Summer Time a further hour must he deducted. 


( 2 - 10 ) 


TLT = CET-L + £, 

= CET-\h-L. + £, 
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The hour angle o> results directly from the solar time. An hour angle of 15“ corresponds 
to a one-hour deviation from solar noon (in the morning negatively, in the afternoon 
positively). 


0) = yTLT - 12.00/rl x 

h 


( 2 . 11 ) 


Example 2.1 

Calculation of the hour angles of the sun at I2.0H h local lime in Stuttgart (longitude 9.2“ east) on 
1 February. 1 July artel I Octoler (taking summer time into consideration). 

For Stuttgart the result is a constant longitude correction oft “ 4 min 1 ” * (IS" - 9.2'’) - 23.2 min - 
0.3B7 h. 


Date 

day number n 

b n 

£i [min) 

|h| 

TLT 

•n 

1.2. 

32 

30.57 


-<1.218 

11.3% 


1.7. <CET,) 

182 

178.52 

e mm 

-0.058 

10.55b 

-21.68 

1.10. (CCT S ) 

274 

269.26 

+ 10.5 

0.175 

10.79b 

asm 


For the calculation of the 17 .1 both longitude correction and equation of lime were converted 
decimally into hours. 


2.1.2.2 Horizon coordinates 

From live declination and hour angle like sun’s height a. and a/imuth y can be determined 
for each location with latitude <t. For these angles, described as hoti/on coordinates, the 
a/imuth y. for the north direction is defined as (1=. east +90“. south +180° and west 270“. 
and tike elevation angle a is deteimined front the horizontal plane. The complementary 
angle to the elevation angle is the zenith angle Q, which at the same time represents the 
angle of incidence of direct solar iriadiance on a hoii/ontal surface. 

cos 0 . = sin£sin® +cos£cos®tosa> = sin a ( 2 . 12 ) 


r. = 


180 °—aicc 


I 80 ° + arccos 


ma, sin<t* — sin5 i 
cos a cos® I 
sin a, sin® -sin S ^ 
cos a. cos® J 


for TITS 12.00 h 

for nr > I 2 . 00 h 


(2.131 
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zenith 



Figure 2.10: Zenith angle ti . elevation anu)c &. and azimuth angle y of tlic tun. 


Kxumplc 2.2 

a I Extermination of the angle* of the *olai azimuth between the autumn and spring equinoxes in the 
Northern lleinu.pht.7c. 

Between 23 »> and 21J. the sular azimuth ilwuys lie* between cast and west. i.e 9(T and 270“. Thin 
rcxults directly thim Fquation {2 13). a* the declination ts 6 • 0 ? and the elevation angle Ct - If at 
sunn.se and sunset. and thin are cm <0| - 90 T . 

b) Dctermmation of the solar azimuth at the valuator at 12.00 h TLT at the winter and wimmer solstice 
in the northern hemisphere 

21 December 

Declination angle -23.45°. i.e. the sun it below the equator and thus exactly m the south y - IS’0 r . 


Decimation angle * 23 45*. i c the sun is above the equator and thus exactly in the north* y t - 0 C 


Sunrise time and length of day 

At suiui.se and sunset the zenith angle 0 u exactly W*. From it the hour angle O), re suits, 
based on liquation (2.12). 


sin 6 s ii it 1 ) . 

cosen. = --- = - tan ^uno 

cos^coso 


|2.I4» 


The nuinhci of daylight hours N can tv calculated from the hour angle. .since the hour 
angle changes by 15 every hour. The factor 2 results from taking into consideration 
morning und afternoon hours. 
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Example 23 

Calculation of the hour angles of sunnsc. and of Ihe number of daylight hours for the I February, 
I July and 1 October In Slutlgan *48.8° northern latitude!. 



1.2 

1.7 

1.10 

[iXvliiulinn <$|°| 

-17.5 

23.1 

-4.2 

o»,IM 

I 

—119.| 

—85.2 

•V |h| 

| <3 h 11 mm 

| 15 h 57 min 

11 h 22 min 


2.1.2.3 Sun-position diagrams 

For the illuMiatinn of the sun's height and azimuth angles over the course of the year, at a 
given location, suit-position diagrams with either cartesian or polar coordinates can he used. 
Cartesian eourdinates. with the elevation angle as a function of the azimuth. are particularly 
suitable for the representation of shading horizons. Shaded objects can easily he entered 
into the sun-position diagram with the respective azimuth and elevation angles, and the 
times of shading can he directly seen. 


12 13 



North East South West azimuth |'l 


Figure 2 11: Sun-patllutn diagrams In cartesian coordinates for Slutlgan. 


The elevation angles calculated for die second half of the year can be used 
symmetrically for the fust half (21 July corresponds to 21 May etc.). Ftom die equation of 
time unse the lines of same local time, here C£7'(lhe so-called analemina). While cartesian 
coordinates illustrate live elevation angles of the sun and shading objects, polar diagrams 
make cleat the azimuth angles of the sun and the position of furthet buildings. 
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Figure 2 I' Sun-potlllnn diagram in polar coordinate* lor Sluiigan <Uni%cniiyai lloclum. IW) 


The outer circle corresponds to an elevation angle of zero. i.e. the horizon, the centre of 
the polar diagram to the zenith. 

Angle of Incidence oil randomly Inclined surfaces 

The angle of incidence of direct rays on an inclined receptor surface depends on the angle 
of inclination /I of the surface to the horizontal, and also on the surface azimuth y. Front a 
given position of the sun (zenith angle 8 and solar azimuth y>. the angle of incidence can 
he calculated front the horizon coordinates 8 and y: 

cosS ■ cosOjcos/) + sin 0 sin/k'osfa - 7 ) ( 2 . 16 ) 

or. when lining equator coordinates S and co. 
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cosO = (cos/f sin O+eosO cosy sin/J)sin<$ 

+ (cos^cos^-sinOco&ysin^)cos5cos{0 (2.17) 

- sin 7 sin ft cos S sin <o 

Simplification* of tl>c formula result c.g. from hon/xmtal surfaces with ft = 0 * (Equation 
( 2 . 12 ) of the zenith angle) or vertical and south-oriented facade surfaces (ft = 90\ y = 
180 ° >: 

cos G = - cos 0 s in 5 4* sin O cos 5 coso> (2.18) 

At solar noon with o> = 0 * the following formula applies for a south-oriented surface: 

0~. = \t>-8-P\ 12.191 

For a horizontal surface w ith /> = 0 ° the maximum and minimum positions of the sun in 
a year can thus be quickly determined. The highest position in Stuttgart on 21 July with a 
declination of 23.45" results for a zenith angle 0 of 48.8* - 23.45° = 25.35°. which corres¬ 
ponds to a sun height of 64.65®. The lowest position of the sun at solar noon is with a 
declination of 23.45® on 21 December and a zenith angle of 48.8 - (-23.45> = 72.25". i.e. a 
sun height of 17.75". 


Example 2.4 

Calculation of the angle of itcidcncc on a 10° inclined surface with a surface azimuth of 160° on 1st 
October at 11 .<0 h 77.7* in Stuttgart. 

The zenith angle is 0. - 546°. the sun azimuth % - 161.5°. from this an angle of incidence of 44.6° 
result*. The same result 1 * obtained by use of the equator coordinates S —4.2 9 and <0 • -15°. 


2.2 The passage of rays through the atmosphere 

While extraterrestrial irradiance values on randomly oriented surfaces are solely geometry- 
dependent and thus simple to calculate, the passage of rays through the atmosphere is so 
complex that simple procedures like the use of monthly turbidity factors (still used in the 
German daylighting standard DIN 5034) result in extremely inaccurate uradiance values. 
Particularly for dynamic system simulations of active or passive solar components, hourly- 
resolved irralliance values of the direct and diffuse irradiance are necessary: these must 
indicate the statistical characteristics typical of live location. Since long-term measured or 
partly sy nthesised irradiance time sequences are available for only a few locations world¬ 
wide (e.g. test reference years for 12 German climate zones), more and more statistical 
procedures are becoming generally accepted which produce hourly irradiance values from 
monthly average ones. After a shoit illustration of lire main irradiance absorption and 
dispersion mechanisms of the atmosphere, what follows deals mainly with the statistical 
procedures of irradiance calculation. 

Extraterrestrial irradiance is weakened in tire atmosphere by ahsoiption and reflection 
and partially converted by dispersion into diffuse irradiance. The relative air mass m (also 
termed AM) which solar iiradiance has to pass through, gives the relation of atmospheric 
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ihicknew for a given zenith angle, i.e. d M /mO. lo the simple thielness of the 
atntospheie in the local zenith, and can he calculated foi a homogeneous atmosphere by 
a simple approximation Icmnulu 


J^lcotO. I 

m = -— =- 

d n cas0. 


( 2-201 



Figure 2 13: Definition of air mbh m Imm atmospheric thickness and zenith angle 

Short-wave irradiance is scattered by air molecules, whose diameter is small in relation 
to the wavelength of light t around I0" ,u m), proportionally to //A'. Above around 0.6 pin 
the so-called Rayleigh scattering is negligible. Mie dispersion by larger dust particles 
(aerosols) with diameters of around 10 J m reduces the transmittance according to the 
Angstroem turbidity foimula r exp (—/&"* in). the turbidity being characterised by the 
parameters a and 0. Parameter varies from 0 for very clear lo 0.4 for very dull skies, aiul 
a depends on the size distribution of the dust panicles and is typically about 1.3. 
Wavelength dependency is thus weaker than lor Rayleigh scattering. 

Ozone absorbs solar irradiance almost completely under A = 0.29 pm and more weakly 
to around 0.7 pm. Water vapour absorbs in the infrared, with pronounced absorption bands 
at 1.0. 1.4 and I.H pm. Above 2.5 pm almost the entire irradiance is absorbed by CO: and 
H .O. 



Figure 2.14: An cxlnitrrrcstnul spectrum with zero air mass lAMOl and a icrtcurial spectrum 
with air macs 1.5 I AM 1.5). 
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The simplest calculation models of iiradiance at the earth's surface combine all the 
above wavelength-dependent effects in a single number, the so-called luibidily faeioi T, 
which does not take into account the statistical fluctuations of terrestrial iiradiance. 1 is 
indicated in some standards as a monthly average value, and varies from a minimum of 3.8 
in January to 6.3 in September for Gemian climatic conditions. With a clear sky the direct 
iiradiance on a normal surface is air mass-eoneeted from the extraterrestrial iiradiance by 
the sun-height angle a,, and pressure-corrected by the height of the location above sea level 

«|mj: 


G m exp 


(0.9 + 9.4 sin a, )c.\p (// / 8000) 


( 2 . 21 ) 


The pioportion of diffuse iiradiance in a clear sky can likewise be calculated as a 
function of live sun’s height and live turbidity factor. The conversion for inclined surfaces 
takes place by means of tabulated correction factors. 

For an overcast sky the model becomes even simpler. One proceeds as usual in 
day lighting technology on the basis of a symmetrical iiradiance or luminous intensity 
distribution, w hich has its maximum at the local zenith and decreases towards the horizon. 
The irradianee intensity in the zenith L,.. is determined by 


K, 


1.068 + 74.7 sin 


r w i 

ma, - 


( 2.221 


If one integrates this iiradiance intensity over live entire hemispheie. live following 
foimula is obtained for tl>e horizontal iiradiance. 


G, = 2.609+ I82.609sina 



(2.231 


While these simple procedures are sufficient for the analysis of daylight systems, more 
exact meteorological data records are necessary for the sizing of active solar energy 
systems. 


2.3 Statistical production of hourly irradianee data records 

The statistical procedures described below enable the production of a series of hourly 
irradianee values, a time scries, proceeding from a monthly average irradianee value. In 
order to eliminate the deterministic proportion of the iiradiance on the eaith's surface, 
which is deteimincd by extratcitcstiial irradianee and the respective position of the sun. the 
clearness index is used as a statistical variable. The clearness index k, is defined as the 
relation of teirestriai to extrateirestrial irradianee on a hon/ontal surface, calculated for 
one hour or totalled ov er the hours of a day or month. 
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_Z<- 


(2.24» 


From the given monthly clearness index, as a first srep daily values are produced by 
autoregressive procedure, and afterwards hourly values are calculated. 


2.3.I Daily average values from monthly average values 

Two observations of long-term itradiance data form live basis foi the statistical production 
of daily averages from monthly average values: 

• Each daily irradianee average value correlates only to the preceding daily value. 

• The probability distribution of daily clearness indices around the monthly average 
value is only determined by the average clearness index. For example, clear months 
have only small dispersions of the daily values around live average value, and vice- 
versa. 

The time series of daily clearness indices can be calculated either by Maikov transition 
matrices or by autoregressive procedures. Autoregressive proceduies are more generally 
used, since not only correlations w ith the preceding daily value, but also w ith values of 
more than a one-day interval, can be taken into account. For a normally-distributed random 
variable Z v with an average value of zero and a standard deviation of c = I results the new 
Z,{ values from the correlated preceding values as w ell as a noise term /> The order n of the 
regression procedure gives the coirelalions which must be considered w ith values of more 
than a one-day interval. 


Z< = P,2a- + PsZj-, *-*p.Z^*r„ (2.25) 

For the clearness index calculation, a first-order autoregressive procedure is sufficiently 
exact, since the daily averages correlate particularly with the preceding day. and days which 
are longer ago have hardly any influence on the clearness index, p, defines the 
autocoirelation coefficient for an interval of one day (;i = 1). For a given time series of N 
random variables Z*- the autocoirelation coefficients p, with time interval n can be 
calculated: 


I (Z~Z)(Z.^-Z) 


(2.26) 


However, since time series are to be sy nthesised Ivere and therefore their correlation 
characteristics are unknown, live autocorrelation coefficient of firsi order p, has to be given 
as a parameter. From meteorological data investigations by Gordon and Reddy (19X8). it is 
evident that pi can vary between 0 and 0.6. depending upon location, but in most cases a 
value of 0.3 is a good approximation. 
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The statistical noise rj is. with an average value of zero, noimally distributed, and 
defined with a standard deviation o' = ^1 -p 2 . The noise is calculated from a random 
number sequence z from the value area |0.1|: 

r, = o’(_- ,, ”-(l-r)°‘ , ’)/O.I97S (2.27) 

Therefore, foi ihe production of the lime series of lire normally disiribuied variables Zv. 
ihe autocorrelation coeffieiem p, is given, lire random variable Z, is initialised with %= 0 
aird for each lime-step with ihe noise term r,, ihe next value is calculated. 

Guidon and Reddy have shown, however, that ihe daily clearness indices arc not 
normally disiribuied around ihe mean monthly value, but that ihe probability function 
above ihe mean clearness index sinks fasier than ihe Gaussian distribution. Therefore ihe 
lime series of ihe Gaussian-disrribuied random variables Z,. produced in lire first step, 
needs lo be converted inio ihe non Gaussian-disiributed v ariable X+ 

For ihe random variable ihe relation of the daily mean clearness index lo ihe 
monthly average value k , is chosen. 


X *-J- * 2 - 28 > 

The empirical probability function P<X,) deiermmed by Gordon and Reddy describes 
with good aeeur j.j ihe disiribuiion of the daily clearness indices. The only parameter is ihe 
standard deviation of tire daily values Ou for the respective location, which depends only 
on the monthly average value k„ . 


where 


P(X,)=AX. 


f£) 


(2-29) 


n = -2.5 + 0.5 9- 


< 


/t-M 


(« + !)(«+ 2 ) 

(x~r 




(2-30) 

(2.31) 


A 


(2.32) 
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The dispersion O u of the daily values around ihe monthly average value decreases will) 
rising inonihly clearness Index ai the location, and cun be described by a lineal function: 


0.1926 fur k„ £0.2 

max |o.O l.(o.269 - 0.382*7)} for *7 > 0.2 


(2JJ| 



0 0.5 1 1.5 2 

standardised clearness index X d 


Figure 115: Gordon Reddy distnhuliiHi lunclion of Ihe standardised daily clearness indices around 
ihe monthly average value as a lunclion ol’lhc variance O' 


In clear months where o' > 0.1. ihe daily clearness indices above ihe monthly average 
value <X’v = • • diop very sharply. 

The initially assumed Gaussian-disirihuied variable Z,, is convened by a transfoimation 
known as Gaussian mapping into ihe actual probability distribution PlX.) and so finally ihe 
actual tune sequence lor X, is obtained. In Gaussian mapping, fust the cumulated 
distiihution FlZj of the Gaussian-di&tributed random variables Z, is calculated: 


(2J4I 


w ith a positive sign for Z, > 0 and a negative one for < 0. 

Following this, the value F(ZJ is equated with the cumulated value of ihe non 
Gauuian-disUibulcd vattables F{Xj. and from this tlte associated X,-value is 
unambiguously determined. For Xj there tesults an implicit equation, which must be solved 
iteratively: 
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Figure 2 . 16 - Canvenaaa of the normally- distributed random variables /.j into GonSon-Radily 
distributed random \ .irtables Xj on the basis of Giusctan mopping. 

Ftvmt the thus calculated XrValues a series of daily values of the clearness index 
k* “ A j A*, is obtained, with the pmbability distribution P\. V,) and autocot relation 
coefficient p, 


Fx ample 2.5 

Calculation of the first six daily values foe a mean monthly k*~ saluc of 0.5 for the month of July 
im - 7> with an autocorrelation inefficient p* of 0.3. 


Day number 

d = 1 

2 

3 

4 

5 

6 

Random number -10.1) 

03 

0.1 

09 

065 

02 

0.5 

Noise term rg 

-<>.495 

-1.22 

1.22 

0.365 

-0.799 

0 

z, 

-41495 

—137 

811 

0.608 

-0.617 

-0.185 

FiA> t 

OJ! 

0.082 

0 792 

0.729 

0.268 

0.4266 

Xj 

0*7 

0.57 

1.25 

1.2 

0.83 

0.97 

iM 

0434 

0.285 

0 625 

0.6 

0.415 

0.485 


with a\j - 0.07*. - 1.53. it - 2.78 and 4 - 3.63 

A one*year time sequence of duly irradiated energy on a hon/ontal receptor surface in Stuttgart 
(48. B° northern latitude I shows the tluctuatiuits of daily trradiance produced by the auto regression 
method The yearly uvtal irradiancc u about 1190 k Whin 2 . 
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Figure 2.17: Daily inailiancc on a lKiririint.il surface in Stuttgart. 

2.S.2 Hourly average value .t from daily average values 

Hourly values can likewise be calculated from daily averages by an autoregressive model. 
Analysis of lung-term hourly inadiunee data shows that significant correlations exist only 
beltscen directly consecutive hours. Since the hourly average values of the clearness index 
ate normally distributed, the lirst-oider autoregressive procedure can be used diiectly. 


(2.361 


=Pi.'s-, + r% 


In order to eliminate ihe deterministic characteristics of the hourly clearness index, ix. 
dependeikcy on sun height, fust the expected clearness index ) of the respective hour is 
calculated: this depends on tire average daily clearness index < rJ and tire zenith angle 0 The 
variable n then describes the diffeience. normalised by the standard deviation, between the 



l-(MO) 


(2J7| 


The muse r„ is calculated according to Equal ion (2.27) with standaid deviation 


a ' = ^l(l _ Pi ) - The autocorrelation coefficient pi depends only slightly on the average 
daily clearness index and is about 0.38. 


p, sOJS + O.Obeosfy.^ -2.5) 


(2.381 


where the cosine term has to be calculated in are measure 


Crucial for tire quality of the model is the parameterizing of the expected hourly 
clearness index, which is then varied by tire landom number procedure. Aguiar and 
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Collares-Pereira (1992) have shown that very good results can he obtained with a angle* 
dependent exponential function. 

^)«A+ccxp(-JcVsino,) (2.39) 

The parameters of the exponential function are functions of the average daily clearness 
index. They are empirically derived from a database of 13 European and one African 
weather stations. 

A = -0.19 +1. 12A U +0.24 exp (-8*,..) (2.40) 

e = 0.32-l.6(A v -0.5) ! (2.41) 

*: = 0.19 +2.27Aj -2.5U.J 1 (2.42) 

The standard deviation a„ of the average hourly clearness index A,, is likewise 
empirieally derived from the database values, and is represented by a sun-height dependent 
exponential function. 

o. = A exp(fi(l-sina. )( 

A = 0.14e.xp(-20(4 U -0.35)'') (2.43) 

/f = 3(A u -0.4S) ; + l6* u ' 

The starting value \ 0 for the first hour after sunrise is initialised with zero and the next 
value is calculated with the autocorrelation coefficient pi and the noise n according to 
Equation (2.36). The hourly average value of the clearness index results from live definition 
of the variable 

*U-(*a)+ff t .V* (244) 

Meaningful **, values must Ive zero or greater and be below a maximum clearness index 
for extremely clear sky conditions. A simple approximation for the maximum A» value is 

= 0.88 cos(jt (A—12.5)/ 30) (2.45) 

For values outside ihe requited range of values, new random numbers must be 
generated. 


Kxample 2 . 6 : 

Calculation of hourly values (solar timc*of*day) for Ihe fourth day of the preceding example 
(4 July - day 185) with an average daily clearness index of 0.6 in Stuttgart. 
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The hour .mule for sunrise and sunset is (0 - l IS.8°. i.e. the first hour is between 4 am and 5 am. 

First those values which need only be calculated once an: determined. This includes: 

1. The autocorrelation coefficient py p, = 0.3S + 0l>5cas(7.4A k4 - 2.5) = 0.44 

2 . The standard deviation a of the noise term r k : G = I - p; ) = 0.898 

3. The parameters lor the expxted hourly (A a ) value: 

A = -0.19 +1 .12A 4< + 0.24 exp (— S* w . ) = 0485 
£ = 0.32 -1.6 (k 0 - 0.5) = 0.304 
IT = 0.19+ 2.27*./ - 2.5 = 0.465 

4. The parameters A. B for the standard deviation of the hourly -values: 

A =0.14 exp(-20(*„ - 0.35)' ] = 0.0397 

B = 3(* u - 0.45)'' +1= 1.3229 

With the aulixorTclation coeHkrient and the noise term r k . which can be calculated via random 
numbers r, the time scries of the variables can be obtained. Then for each hour the expected value 
(A\ % ) and the standard deviation G i can be calculated via the sun's height CL at mid-hour, and thus 
fromy* the time series of the hourly clearness index A<* can also ta: calculated. 

The random variable v*_, is initialised with zero, since no correlation exists with the hourly value 
before sunrise y§ - 0. 


E3 

TLT 

z 

r x 

>A 

a. 

(M 



1 

4.30h 

• 



3.5 

0.485 

0.138 

0.485 

i 

5.30h 

0.3 

-0.468 

-0.468 

12.3 

0.519 

0.112 

0.467 

3 

6.30h 

0.1 

E2B 

-1.356 

21.9 

0.572 

0.091 

0.529 

4 

7.30h 

0.2 

-0.753 

-1.349 

usu 

0.61 

0.074 

0.509 

5 

8.30h 

0.9 


0.557 

41.5 

0.635 

0062 

0.552 

6 

9.30h 

0.8 

0.753 

0.998 

50.8 

0.652 

0053 

0.681 


While the expected values of the hourly clearness indices constantly rise as expected with the sun's 
height, the statistical clcamc’Kt index k A displays clear fluctuations. 

With the thus calculated Ixmilv clearness indices, the global itradianee on a horizontal 
surface can also be calculated. Extraterrestrial irradiance on a normal surface for day 185 is 
1321.9 W'/nr. i.e. on a horizontal surface for the second hour after sunrise with a, = 12.32°, 
making 2X2.1 \V/m* allogeihei. With ihe calculated clearness index of 0.467. a total of 
131.7 W/nr is obtained for global horizontal irradiance. 
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Figure 2. IS: Average hourly irradiance on a horiyontal surface in Stuttgart in July The monthly 
irradiated energy in alxiui 153 kWh nT. 


2.4 Global irradiance and irradiance oil inclined surfaces 


2.4. I Direct anil diff use In alliance 

Duo m ihe scattering uf exuutcriesirial irradiance in ilio atmosphere, a diffuse irradiance 
pfo|Hiiiiui) Gj always occuis hi addition in dim.! irradiance G, (index b beam). Die 
irradiance on ihe hori/onial in W/m" is called global irradiance (G»): 

G, = G u + G^ (2.46) 


Diieei and diffuse irradiance on ihe horizontal are supplied in many meteorological data 
records u.% measured hourly values. If irradiance is deierminod by sraiislical procedures, ai 
fir si only ihe global irradiance is obtained. The diffuse irradiance propniiion correlates 
directly. however, wilh ihe hourly clearness index. 

An empiricul correlation for 15 locations in North America. Europe and Ausualra lias 
been deierminod by Erhs ti ai. < 19821. 




G,x (1.0 - 0 09*,) 

c, 

G.X0.I65 


f 0.9511-0.1604*. +4.388*. 3 ) 
(-16.638*. + 12-336*.' J 


for **S0.22 

for 0.22 < A, <0.8 
for A* 2 0.8 


(2.47) 
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2.4.2 Conversion of global irradiance to inclined surfaces 

The conversion of horizontal global irradiance to inclined surfaces must proceed separately 
for direct and diffuse irradiance. While the intensity of the direct irradiance depends only 
on lire angle of incidence on the recipient surface, different conversion procedures exist for 
diffuse irradiance. 

The simplest model, by Liu and Jordan (I960). proceeds from even isotropic diffuse 
irradiance in the sky. which with rising sutface inclination results in ever smaller visible 
ptopoitions. The total irradiance reflected by the ground is likewise assumed to be 
isotropically distributed. More exact models divide the diffuse irradiance in such a way that 
apart from the isotropically distributed celestial irradiance. the brightening around the sun 
(circumsolar irradiance t and also the horizon brightening caused by dispersion are taken 
into account (Perez ti ul.. 1987). The ray-tracing software programs used in light 
technology or the standard sky models for daylight calculations calculate the irradiance 
intensity fot each point of the sky Ivemispheie (Brunger and Hooper. 1993). 

2.4.2.1 An isotropic diffuse irradiance model 

The total irradiance on the inclined surface G, (index r: lilted) results from the sum of direct 
irradiance. live isotropic sky diffuse irradiance and also the ground reflection propoition 
with the reflection coefficient p. 

G ‘ = + G - F -*-+ + G * 12 481 


The direct irradiance ptoponion on a horizontal plane is converted via live cosine of the 
zenith angle to a surface normal to the sun. and multiplied afterwards by live cosine of the 
angle of incidence to the inclined surface. 

Thc other diffuse irradiance components are converted with the help of fotm factors F 
between the receptor surface and the sky or ground. The form factors depend on the angle 
of inclination /f of the surface to live horizontal. 




1+cos/i 


(2.491 


F 


I -cos fi 
2 


(2.50) 


With these geometrical relations, the total irradiance can be calculated on a randomly 
inclined surface. 


l+cos/J 


cos 6 


* G f p 


l-i 


G, = G, 


2 


2 


(2.51) 
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Example 2.7 

CalculatKia or the IcnrMnal irodiuicc with the luitxupically diffutc model for a uufacc ncrmalv 
nriinted to the *un for the teennd hour after vim rise on day IKS \sec llxample 2.6k i.c. 0 = O' and P = 
0 =77/r. 

Gtnhal burramtol irradiance: G fc = 131.7 W/ra 2 

With the cleanup index = 0 467 the result is a value nf 93.5 W/ro 2 lor hnri/nnlal diffuse 
irTodiancc. based on the empirical condition ol Hits* et at. (1982k and thus a horizontal direct 
irradiance proportion of 36.2 W/ro". 

Direct irradiance on the normally onented surface 
Diffuse proportion: 

Diffuse ground reflection at p = 0.2: 

The imidiatKe on the inclined surface is thus: 

2 .4.2.2 Diffuse irradiance model based on Perez 

In the Pen:/ model the isouxiptcally assumed sky irradiance is overlain by a 
circumsolar proportion G.- v as well as by a term for the hoci/nn brightening Gkh- 

c,= G^ + G.+C^+G^ (2.521 


Cm = 169.6 W/m : 
C/.j, = 58.3 W7m ; 
Gj ,-.«/= 10.3 \V/m J 

C, = 23S.S W/m : 


On inclined surfaces the total irradiance reflected at the gixrnnd increases tire diffuse 
proportion by 

The ciiLuinsidar iiradiance is caused by sluing forw ard scattenng of tire aerosols. Hie 
horizon hnghicmng results from scattering ai the large an mass of tlic atmosphere near the 
horizon, us seen by the observer, and is usually present when the sky is clear. 



Fiuure 2 19: Allocjlmn nl'lhe irradiance into dificrcni components. 
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COS®, 


G/: ™ J + G.P — 
— o^r 


(2.53) 


The isotropic radiance with the form factor (I + cos /J)•'2is therefore reduced by the 
propoition of F/ of circumsolar radiance (first term). Tire circumsolar radiance with the 
proportion F, is. like the direct radiance, converted to the inclined surface. F, describes the 
horizon radiance, which can be both positive (horizon brightening) and negative 
(darkening). 

The coefficients F, and F ; are parametrised by the zenith angle, a clearness index c and 
the brightness coefficient A. The clearness index £ essentially shows the ratio of direct to 
diffuse irradiancc (with G m as direct irradiancc on a normal suifaee). i.e. small clearness 
indices mean overcast skies and vice vetsa. Through brightness as a ratio of the air mass- 
corrected diffuse irradiancc G„ to the extraterrestrial ii radiance on a normal surface G„. 
the fact that even very clear skies can be dark (deep blue, small A) and overcast skies very 
bright (large A) is taken into account. 


I ♦-^ + 5.535x10- 9 

_ 

1 + 5.535x10-0 


(2.54) 


(2-55) 


The air mass m is. as before, m = l/cos 9. 

The brightness coefficients F, and F. are cmpitically derived coefficients from 
measurements of different sky conditions. They are calculated using the clearness index £. 




(2.56) 


For F, only positive values are used (otherwise F, = 0). 




(2-57) 


Tabic 2.1. Pen:/. coeftlocnt* for the calculation of the anisotropic diffuse irradianee. 
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l.5S6< £ £ 2.134 


2.134 < £$3,230 


3.230 <£$ S.9K0 


5.980 < £ $ 10.080 


>10.080 


-0.373 

0.148 

-0.465 

0.268 

-0314 

0.306 

-0.433 

0.287 

-0.352 

0.226 


1.286 0.166 


.449 0.383 


Thus for tlkr entire iiradiance on ihe inclined surface, one obtains 


C/a ^ c ^ + o,(.-f!)i±^2 


+ G^^. + G^sin^G lP lZ^i 


(2-S8> 


Example 2 .S 

Calculation of the inadumcc on the 77.T 3 inclined surface from the l»t example with the Perez 
model. 

£-1.5 

A-0.34 

8,-77.7* 

F = f * l = 0.227 + 0.K66x0.34+irx77.7 l 'IM>X-0.25 = 0.232 

« -m )g0 •> 

Aj =/„ + / 1 ^+^-/u=0.069+(-0.002)x0.34+*x77.7/ISOx(-0.062)=-O.OIS7 
Isotropic sky component 

GAl-F.) —-—^=95.5—(1—0332) l * CI>7 ^ =44.5— 


Circumsolar proportion G.fj ^ ^ =95.5—X0.232X-!-= 104 — 

coos 8 m* cos 77.7 nr’ 


If |j' 

1 lon/on proportion: G.f 'in 0 = 95.5—-X-0.0157Xsm77.7 =—1.46 —7 

nr* 

G, - 169.6 Win 2 * 147 W/m J - 316.6 W.m\ Ihus 33% more than calculated via the isotropic nude I. 


Using the procedure' outlined above, the annual irradiated energy foe randomly oriented 
surfaees can be calculated. This energy, represented as a function of the height and azimuth 
angle, enables quick determination of the energy supply on randomly oriented surfaces. Tlte 
optimal annual energy yield is obtained on a south-oriented surface with an angle of 
inclination /(of approximately the geographical latitude «J> minus 10 '. With energy losses 
of only 5'i. deviations in like azimuth angle of ±35—10" from south, and in lire angle of 
inclination of ±15-20" of the optimal angle can he tolerated (see Chapter 1 ). 
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2.4.3 Measurement techn Ufttes for solar irradianee 

Global irradianee and inadiance on inclined surfaces is measured by pyranomcters. with 
enors under 5'$. Pyranontciets measure inadiance by means of thermocouples, from die 
lemperaiure difference of an irradianee-abxorbing blackened surface and ihe housing. Due 
to the hemispherical glass cover, live angle dependence of the signal is small, and moreover 
sensitivity is almost independent of wavelength. The voltage level of line thermocouples is 
low. typically amund 5 X 10 ' V per W/nT of inadiance. With mote exact calibration, 
measuring accuracies of up to ±1'! can be achieved. 

Photovoltaic solar cells are cheaper detectors. However, spectral sensitivity and tfie 
tcmpeiatuie dependence of Use measuring signal, plus reduced efficiency ai small 
irradianees. lead to measuiing errois of over IU'{. For the measurement of the mean 
monthly inadiance. PV cells are nonetheless quite suitable. 

The diffuse irradianee can be measured with a pyianometer, with shadowing rings ui 
block off direct irradianee. The shadowing ring rs adjusted fur declination and degree of 
latitude, and must also be adjusted for seasonal changes in declination teveiy 2-3 days, 
depending on the width of the ring!. The reduction of diffuse irradianee by the ring is 
eoncctcd by a v ariable correction factoi between 1.05 and 1.2. 


2,5 Shading 

When using solar technology in uiban areas, it cannot be assumed that solar irradianee 
strikes receptor surfaces unhindered. Apart from temporary shading of the direct rays by 
nearby objects, buildings oi vegetation, it is seldom the case that a free boii/on for diffuse 
irradianee is available, in particular when facades are used. 

Fnr a representation of the shadowing effects of obsuucting buildings, fusily. all objects 
are represented by surface polygons and their comer points. The shadowing caused by a 
building is then calculated for each comer point hy means of tlic sun vector, and the points 
of shading ure again connected to a polygon. 



Figure 2 20' Construction of Ihe sbaikiwmg from ihe surface polygon of ihe blocking huikling wilh 
heights of hi i. 
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li is simpler. however. lo analyse the shading using hon/un coordinates (elevation 
angles and azimuth) from a point receptoi. With large receptoi surfaces a subdivision of the 
surfaces is possible. 

From the difference between building height li, and observei height /»,>. and also from 
the building’s distance from the point of observation </. the elevation angle a, for a given 
azimuth angle y% of the shading building can be calculated. 



The thus obtained v alue pairs y, and a, form a polygonal sequence which can K‘ entered 
in a sun-pavilion diagram, and which enables direct leading of the times when shading of 
direct irtadiance occurs. 

For live reduction of diffuse iiradiance. the surface between the horizon line of elevation 
angle a = 11 and the shading contour must be calculated. This shading surface reduces the 
isotinpically assumed diffuse iiradiance pioportion of the sky by the given angle atea. 

For this, the shading contour for an azimuth angle aica y ( to y, is divided into even 
stages, which can be described hv u straight line equation iQuaschning. 1998): 

o(7) = "?+*- (2-60) 


wltete hi indicates the giudient of the stiaight lines with m 


——— and tfie constant c 
Y:~Y 


results from equating tlie gradient hi and live uiadicnt for y = 0 : 


g.- -g, _ g, -« _ . _ aj: -g.y 
Y-.-Y Y~ 0 C Y.-Y 


(2.611 



figure 2.21: Conlaur* nf three htocknu? buildings. 















Solar irrudiuncc 


Here, the con-aunt <• is determined from the elevation angles of the shading for a linear 
section between the azimuth angles y. and y : of the first building. 

The luminance of each shaded celestial point L,<ay> is projected on to the recipient 
surface with the cosine of the angle of incidence 6. and integrated over the total area. The 
luminance is defined as the radiant flux emitted by a two-dimensional element ,l,\ into a 
spatial angle <IO. With an isotropic sky the luminance L, m is constant at each celestial 
point, and can be easily calculated from the horizontal diffuse irradiance (see Chapter 8). 



(2.621 


A small section of the celestial sphere in horizon coordinates can be expressed as 
i/A = cosa</<ri/y - The shaded proportion of diffuse celestial radiance, seen from an 
inclined surface tesults from the luminance /_- multiplied by the cosine of the angle 
of incidence and of live sky section. The limits of integration are. tor an azimuth area y 10 Y- 
between the horizon <a= O') and the straight line shading contour (my+ c): 



I eosfleosadady 

» 

J (sin a cos p + cos a sin cos (y- y, ))cos adady 


(2.63> 


In live case of a horizontal receptor surface (angle of inclination /f = 0“ and surface 
azimuth y = 0 " |. the projection factor is cos 8 = cos# = sino. and the integral is simplified 
to 


= L .~J j sino coso dar/y = i,, — J sin 1 (my+c)dy (2.641 

r, o - r, 

For straight horizontal shading contours m = 0. i.e. the elevation angle a, = a.-. On the 
basis of Equation (2.61) therefore, i = a, and for the integral live result is the simple 
solution: 


<'*■ =\L .... (r.--r )s'i a, for m = 0 


Also for m * 0 the integral can be solved for horizontal receivers: 

„ I. , | | sin la -sin 2 a. \ , 

2 J -( , .-i\2*4 a,-,, J fo ""‘ 0 


(2.651 


( 2.661 


The angles are to be entered here in arc measure. 
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The solution uf Ihe inicgiul fur tl*e surface with an angle of inelinaiion /J and surface 
a/iniuth y from Equation (2.631 is only possible foi gradients of the shading contour 
m * 0 on a case-by-casc basis, using complex fonnulae (Quaschning, 1996). Theiefnie 
only the solution fur in = 0 is shown, with which the real contours can be approximated in 
small sections. 


C a J a |A~H/ J (r 1 -r l )‘i | > , o+™^( Q *«in I o)(sin(r.-r)-an(r l -r))| (2.67) 


For a given polygonal sequence of the shading contour, the diffuse irtadiance 
propuitions of the shaded sections ate totalled and an overall shading factor fainted, by 
which the diffuse imidiunee is reduced: 



( 2 . 68 ) 


Example 2.9 

On an uiuth-nncnted roof area, a solar planl ts to be creeled with the low edue //,. having a height of 
>: m. Tlic shading cuntoui of two lacing multi family houses (building I is 10 m high and building 2 is 
18 m high) with J - 14 m distance is to be enteral in Ihe sun-position diagram, and (lie ndoclum of 
<!i Hum and direct it radiance calculated. 


//I 



II- 
18 n 


V 


building 


0 


building 2 



Figure 2.22: (itfonKtr)' of ihe dialling situation. 


Fur mere using shading azimuth ancle*. the fnJIuwmg value purs uf yj. Of. are determined from 
Figure 2.22: 
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faint 

Dixtance d|in| 

Shading abject height 
ft.M 

Azimuth n |*| 

.SiViii/iric hfighi anglt Q* 

n 

1 

17.2 

IK 

1443 

302 


14 

18 

ISO 

35.5 

3 

21.5 

iO 

201 

5J 

4 

16.1 

10 

21W.7 

7.1 

5 

21 J 

10 

228.8 

5.4 


From the values shown in the above table it can be seen that in Stuttgart. for example, shading of the 
direct xrradinnee by building 2 txrcurs during Ihc winter months <October until Match) from about 
10-12 am. Building 1. on the other hand, with iU small elevation angles, doc* not contribute to Ihc 
shading. When entering the shading contour into Ihc um-position diagram, a linear extrapolation 
between the comer (xitnLs of the shading is earned out. in order to sitrqilify the ditliise irradiancc 
calculation w*hich follows 



0 30 60 90 120 150 180 210 240 270 300 330 360 
North East South West azimuth [°1 


Figure 2.23: Sun‘Course diagram fnr Stuttgart with shading buildings drawn in. 

For building 2 the shading factor Sj of the dilluse irmdiuncc far a horizontal receptor surface and for a 
surface with a roof pitch angle 01*45^ must be calculated in what follow*. Although the absolute value 
of the diffuse irmdiancc is not necessary for the shading factor, since the radiances slvortcn in 
Equation <2.68). a value of 300 \V m’ is given, in order to be able to calculate the absolute inadiance 
loss due to shading bused an Equation (2 651. 

For the horizontal ivtqrtar surface withai^O, a sluded diffuse proportion of 9 W/m’ tx obtained, 
and thin a shading factor of 3%. For ihc 45° inclined surtacc. ihc sluded diffuse proportion for nr - 0 
and a mcun devutinn angle of the shading of (a„+a k: .) 2 = 32.85* totals 19.K W.'ih 2 and ihc 
shading factor is 7V For the calculation of the shading tKlor of the inclined surtacc. the shaifcd sky 
proportion was related to the diffuse irradiancc to the inclined surface, i.c. tofr A 
256 W/m*. 




. here 
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Fxamplc 2.10 

On a flat mol with a linutcd surface. the largest possible south oriented solar plant is to Iv installed in 
Stuttgart with a latitude of 48 8°. As a criterion for an acceptable shading .situation it is assumed that 
at solar noon on the winter .solstice <21 IX^mbcr) no shading takes place The relation of the distance 
of the collector D to the collector length L with a given surface angle of inclination p t% ut be 
determined. 



The sun’hoght uncle flat solar noon on 21 December is I7.8 : 

The distance D between the collector bases for this position of the sun is calculated as the total of the 
distances L cos /J and h cot a. 


l)=L cm 0 + A cot a = J. cos p + /.sin Q —— 

*ina 

For an angle of inclination p. for example 4CX\ the relation of distance to length should h: at least a* 
shown below: 


— = cos p + sin P cot a = 177 









3 Solar thermal energy 


3.1 Solar-thermal water collectors 


The European market for water based solar ihemial collectors has been growing by an 
average of IS'5 per year over the last decade (Stryi-Hipp. 2001). By the end of 1999. a total 
surface area of 8.5 million square metres was installed. 75*i of which was in Greece. 
Germany and Austria. In order to reach the European Commission's target of 10 million 
square metres by 2010. annual grow th rates have to double. This goal was neatly reached in 
2000. where the European market grew by 30'} to a total installed surface area of 1.15 
million square metres. For standard solar thennal diinking water systems, the costs have 
been halved from about 12 000 € in 19144 to 6IKX) € in 2002. for the less common heating 
support systems similar developments are to be expected. The technology is well 
established on the market and extensive European standardisation work is currently 
underway to improve the product quality and the customer confidence (Kotsaki. 2001 ). 


China 
India 
IsrjL'l 
USA 
Europe total 
Germany 
Greece 
Austria 


h 2.5E <04 


Sp*" f3JE<(M 
Sw it /cr land J 3.11: ♦ 04 
Netherlands J3.0E.or 
lla| y n2.4E *04 




4.0n*06 

2.0E+06 


1 4.01! ♦ 05 


K.9E«05 


4.2!: *05 


f 1.61: *05 
1 1.41: *05 


1200 ) 
11999 


Britain 


s 


9.0E4O3 


500 000 1 000 000 1 500 (XI0 

installed collector surface |nr*| 


2 000 000 


Figure 3.1: Installed solar thermal collector surface area in 1999 and 2000. 


3.1.1 Innovations 

In the field of collectors, developments ate Mill taking place, aimed at improving selective 
coatings of absorbent using sputter technology, optimising the heat transfer from the 
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absorber lo ihe lubes through improved welding or soldering technologies (ultrasonic or 
plasma welding), reducing glaring reflection losses through antireflective layers, 
optimising vacuum collector geometry and introducing low-level concentrations of the 
iiradiance (CPC collectors). 

In system engineering, work is taking place on simplifications of the dueling system 
(common duels including sensor cables), on improved heal exchangers, on new stiaiegies 
for avoiding oveitieaiing. on special pumps for solar operation generating high pressures at 
low volume flows and low electricity consumption, and on new frost-protection fluids, 
which can handle live high temperature levels generated in vacuum tube collectors. 

In storage technology, combined heating/drinking water storage is increasingly being 
developed, enabling solar support for conventional Iveating in addition to solar heating of 
drinking water. The market share of combined heating/drinking water collector systems has 
reached about 20% of the total collector surface area sold in Europe, and in countries such 
as Austria, ii is up lo 5(Kt. Ii is expected that in Europe about 120 000 solar thermal 
systems with a total surface area of 1.9 million square metres will be installed as combined 
heating/drinking water installations (W'eiB 1 1 til.. 2002). New stratified loading systems and 
various storage tank geometries are currently being developed. 


3.1.2 System overview 1 

Solar-thermal systems can be constructed both for decentralised water heating with small 
collector surfaces of 4-X m* and 300-500 litres of storage capacity, and for central drinking 
water beating in housing estates, hospitals, sports halls etc. with collector surfaces of over 
100 m* and storage capacities of around 10 m‘. Moreover, decentralised heating support 
with system sizes of around 10-20 m* and buffer storage of 1-2 nt* volume can be carried 
out. A central supply of solar-produced heating energy for housing estates (solar district 
heating) requires on the other hand seasonal storage with at least ten times more storage 
capacity (1-2 m‘ of seasonal storage per square metre of collector surface, instead 
of 0.05-0.1 m* for decentralised applications). Solar-thermal systems are modulariy 
structured with collector units of around 2.5-10 in* surface, which can replace conventional 
roofing material and take over the insulation function of the roofing. Completely 
prefabricated collector roofs including rafters and thermal insulation offer an economical 
solution, in particular for large-scale installations. 

In contrast to photovoltaics. where system expansions are possible without problems, all 
the components of a solar-thermal system must be coordinated exactly with each other in 
the planning phase, since the pipework sizes and the pumping power are usually reduced to 
a low limit for economic reasons, and leave little scope for modular extensions. Storage and 
heat exchangers are. again with cost in mind, likewise designed for live collector rated 
output, they can. however, be complemented by additional units. 

For buildings, solar-thermal heating of drinking water and heating support are 
especially relevant. Today's economic swimming pool heating will therefore only be 
mentioned in passing. High-temperature systems such as parabolic concentrator collectors 
or solar tower power plants for process heat production require large open spaces and are 
not relevant for integration in buildings. 
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3.1.3 Thermal collector types 

Thermal collectors in the low-temperature range can he classified by the calorific losses 
between radiation absorbers and their surroundings. 

3.1.3.1 Swimming pool absorbers 

The simplest ty pe of collector is a non-covered absorber for swimming pool treating, 
generally made of UV-resistant plastic (polyethylene PE. polypropylene PP or ethyl 
propylene dien monomers EPDM). Tire treat transfer coefficient or U-value of tire front ( U J) 
m the direction of the incident irradiance is calculated from the reciprocal value of the 
thermal resistance R 0 „ between the black absorber with temperature T, and ambient air 7'.- 
The tlrermal resistance R„., consists of tire parallel heat transfer resistances for radiation 
< 1/ i,i and wind-speed dependent convection (l/h, l: it is in the region of 0.04 m'K/W. From 
it results a heat transfer coefficient U, of 25 W/m’K. 



Figure 3.2: Ileal laues of a non-covered black absorber. 


u, 




h,+h. -25 


IF 

m‘K 


(3.11 


3.1.3.2 Flat plate collectors 

With most thctmal collectors, the calorific loss is reduced by a transparent glass covering of 
the absorber. Tire thermal resistance of the standing air layer between the absorber and the 
glass covering R m . x * around 0.1-0.2 m'KAV. is in addition to the outside thermal 

resistance R, , between the cover glass and tire ambient air. consists in turn of a 
radiation and a convective proportion, and corresponds roughly to the total resistance R.^ 
of the non-covered collector. Altogether tire result is a heat transfei coefficient of around 
5-6 W/m'K. 


V, 


I 




0.15+0.04 


= 5.3 


IF 

m‘K 


(3.2) 


If the absorber is selectively coated, the radiation exchange between the absorber and the 
transparent cover is significantly reduced and the II (value falls to around 3-3.5 W/m’K. 
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Figure 3.3: Ileal loss through llit transparent cover of a collector. 

3.1.33 Vacuum lube collectors 

In vacuum collectors live absorbers arc also separated thermally from iheir surroundings by 
a transparent cover. In addition to the reduction in radiation exchange, convective heat 
transport is prevented by a very good vacuum of approximately 10 to I O ' Pa. and the 
thermal resistance between absorber and cover rises to about I m'K/W. The result is U, 
values of vacuum collectors of around I W/m'K. 

A range of different vacuum tube geometries is available on the maiket. The most 
compact vacuum tube collector including compound parabolic concentrator minors <CPC) 
is only 45 mm thick. The absorber is either a standard finned tube design within an 
evacuated glass tube or is coated directly on the inner surface of a double glass tube, with 
the heat transferred to liquid circulating in separate tubes on the inside of live double glass. 
Alternatively the minor coating is placed within an evacuated or gas-filled tube and the 
ii radiance is concentrated on an inner absorber tube. 

3.1.3.4 Parabolic concentrating collectors 

Parabolic concentrators ate especially useful for high temperature applications from 100- 
200"C. where their efficiency is higher than that of vacuum tube collectors. For soiik solar 
cooling systems, temperature levels of IS0 : C or higher ate required, where parabolic 
concentrators can be efficiently used. Some first designs exist to place parabolic conccntiators 
on building roofs. As they depend on direct u radiance, climates with a high direct if radiance 
proportion are advantageous. At low investment costs of alxrnt 300€/m J the solar I scat costs arc 
as low as 0.045 CAWh on a Turkish site with 1900 kWh/m' direct normal irradiance and 0.11 
CrkWh on a southern German site with K90 kWh/m* (Milow. 2(1)2). 


Table 3.1: Classification of thermal collectors by the front I/, value. 


Collector type 

Heal resistance between al>u>rber and exterior in 
direelitm of in (idem jmtdianuc 

Front heat transfer 
coefficient 

U, |W/mnC] 

Uncovered swimming 
pool ahuirber 

Direct radiative and convective heat exchange 
with environment 

>20 

I : lat plate collector with 
uncoated black abuirbex 

Standing air layer between irtisocber and 
transparent cover 

5-6 

Selectively coaled Hot 
plate collector 

Standing air layer with reduced radiative 
exchange 


Selectively coated 
vacuum tube collector 

Reduced convective and radiative heat exchange 
between absorber and tramparent cover 

1-1.5 
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3.1.4 System engineering for hen ting drinking water 

The system engineering ot' a standard solar plant for healing drinking water comprises the 
main components, i.e. the collector and storage, as well as the solar circuit hydiaulics and 
safely system. For small drinking water systems under 10 m* collector surface area, simple 
sizing rules have proved satisfactory, proceeding from an average warm-water consumption 
of around 30-60 litres per person ai*l day. and typical collector y ields of 350-450 kWh/m'a. 
Such systems contain tlse follow ing components: 


Table 3.2: Components of a standard solar plant. 


Component 

Dimensions 

Flat plate collcctcx 

Vacuum tube collector 

1.25-1.5 m* per person 

1. 00 - 1.2 m 2 per person 

Storage tank (pressurised! 

40 70 1 per m 2 collector surface area 

I leal exchanger in collector circuit (integrated in 
storage tank) 

30 40 W/K power per m 2 collector surface 
(corresponds to 0.15 0.20 in 2 surface areaj 

Pipework 

15 mm external diameter up to S m 2 collectie 
surface and 50 in pi|x: length 

Solar Nation with pump, manomelre. security 
valve, expansion vessel 

25-80 \Y pumping power (frequency controlled 
special solar pump is Krst. otherwise the 
smallest available healing system pumpi 

Controller (temperature difference measurement 
between collccliw and storage tank, maximum 
temperature limitation storage tank) 

Relay fee pump control 


With a system of these dimensions, annual solar cover of 40-60% can be obtained, 
about 70-100% in the summer and 10-20% in the winter. 


3.1.4.1 The solar circuit and hy draulics 

Besides the selection of the collector and storage, the hydraulics of the collector circuit with 
pipework, valves and pump have to be dimensioned, and also the safety engineering with 
the pressure level, expansion vessel and excess-pressure protection has to be worked out 
With a standard solar plant for heating dunking water, all hydraulic and safety-related 
functions are brought together in a pre-mounted solar station. 
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Figure 5.4: S’aul.inl solar plan! for healing drinking-water. 


The system consists of a collector, storage, tentpcratuie difference regulation and the 
following components: air vent .41'. temperature sensor T. expansion vessel £. excess 
pressure valve £1’. filling/emptying valves FV. manometer M. lockable valve LV. pump P 
and a lockable non-return valve RV. 


Pumps 

For the collector circuit, conventional circulating heating pumps with a low-power annular 
gap motor (< 100 W electrically) have mainly been used so far. These are optimally 
dimensioned for one-family or two-family houses, depending on the amount of heat 
needed, with flow rates between I and 4 mVh. Thermal solar plants for healing drinking 
water are. however, usually driven with small flow rates, between 0.1-0.5 mVh. i.e. with 
only 10% of the delivery of standard heating pumps. With such small deliveries the 
efficiency of a heating pump is between 2% and 7%, while with optimal sizing, efficiency 
of up to 20% can be achieved. The small efficiencies lead to a not insignificant electricity 
consumption of approximately 100 kWh/a in a small system w ith 2000 kWh yield per year, 
i.e. in terms of primary energy. 15% (300 kWh) is used for pump energy. Regulating the 
pump speed reduces annual power input by 50%. 

The pumping height of a standard heating pump is relatively small, a maximum of 
4-5 m. When using such pumps, de-aeration of the collector cueuit at its highest point is 
imponant for live operation of live system. High supply pressures with small volume (low 
deliveries arc obtained, on the other hand, w ith gear pumps with wet or dry rotating motors, 
which prov ide a pumping Iveight of 35 m at a flow rate of 0.1 mVh. so the breather, which is 
usually difficult to access, is unnecessaiy. and live initial air cushion can he fully squeezed 
out of the collector circuit. 
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Heal transfer liquid 

The he.it transfer liquid in the solar circuit must be provided with antifree/e in Central 
European climates, to avoid freezing of the external pipework system. Mixtures of water 
and antifree/e agents (glycols, e.g. polypropylene glycol I are used, they are prov ided with 
different inhibitor salts for corrosion protection. Mixing propottions of approximately 40% 
antifreeze to 60% water are usual, causing the freezing temperature to sink to -20"C. With 
an increasing proportion of antifreeze the viscosity of the heat transfer liquid rises by a 
factor of 3-5. which must he taken into account in pressure-loss calculations, and which 
lowers the thermal capacity by 10 - 20 %. 

With solar plants with high standstill temperatures (vacuum lube collectors), great 
attention must be paid to the temperature reliability of the antifreeze. 

Overheating pmteciion and expansion vessels 

The expansion vessel is an essential component of overheating protection since when the 
system is ar a standstill, with the usual system pressure at 3 to 6 x !(>' Pa. the solar circuit 
liquid boils in live collector. The expansion vessel in small systems has to take up not only 
the volume increase of the solar circuit liquid of approximately 10 %. but also live complete 
evaporating collector fluid content V, of 0.5-2 litres per square metre of collector surfaee. 
The maximum volume increase AV of live solar liquid at system standstill is calculated from 
the maximum occurring temperature difference between the standstill temperature T, and 
the temperature during initial filling r„ from live volume expansion coefficient of the fluid 
P '. from the volume of the collector cireuit contents V’,, and from the evaporated collector 
contents V’, . 

AV«fi\T-T o )V a +V l (3.3) 

The volume expansion coefficient p rises with temperature and for watei in the 
temperature range 60-80'C is about 5.87 x Kf‘ K \ and for antifreeze mixtures around 
10 x 10 J K '. The volume of the collector circuit V'„. is calculated for the pipes and heat 
exchanger without the fluid contents of the collectors. 

The gas cushion of live diaphragm expansion vessel with content V’, is compressed from 
the selected pre-pressure when filling live system, to live maximum operating pressure 
at system standstill. To avoid air entry, the pre-pressure is selected to be about 0.2- 
0.5 x Id' Pa higher than the static pressure. This results from the difference in height 
between the collector field and expansion vessel A/i (m) w ith a static increase in pressure of 
10* Pa per metre. 


p,„ =(Afi+5)xl0‘ (ft/) 


(3.4) 



Figure 3.5: Expansion vessel at minimum and maximum operating pressures. 
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The maximum operating pressure /*,«, is given by the design pressure of the safety 
respectively overflow valves. Tire volume of the expansion tank V'.. must he designed in 
such a way that the volume compression of the gas volume V, is sufficient, due to the 
difference between minimum and maximum operating pressure, to absorb the volume 
increase aV on tire liquid side of the diaphragm. Based on the ideal gas equation, the result 
is. assuming a constant temperature. 


-P„ (■'-*»') 
I =—^ -A V 


(3.5) 


In addition to the necessaty gas volume to absorb the volume increase, the liquid side of 
the expansion vessel always includes some safety water volume Vi. so that at very low 
temperatures the system pressure does not drop. This safety volume should he about I —2% 
of the entire system volume ( 1 ',+V',): 


C3.6> 

In large systems (> l(X) m*> closed pressure expansion vessels are designed only for the 
volume increase of the liquid. Steam produced in the collector is blown off through safety 
or overflow valves and the heat distiihution medium is collected in a pressure-free 
receptacle. After the collectors have cooled, a filling pump takes over the automatic 
feedback of the liquid to the solar circuit. The non-return valve RV is necessary for the 
avoidance of nocturnal cooling of the storage tank through a thermosyphonic rise of the 
solar circuit fluid. 


Example 3.1 

Calculation of the volume of an expansion tank for a 15 in 7 solar plant with a height difference 
between the expansion tank and collector field of 20 m. and a safety valve with a maximum operating 
pressure of 4.5 x 10' Pa. for the system the following collector circuit volume is assumed: 


lleat exchanger liquid content with 4.6 m 2 of heat transfer surface: 3.6 litres 

Pipe volume at a total of 40 in pip: length and 22 mm external pipe diamter (DN22): 12.6 litres 

The volume expansion of the collector circuit contents V rt for fi' = 10 x I0" 4 K 1 and a standstill 
temperature T, of flat plate collectors of about 1K0 T C <T.» = I5 ? C> is about 
10x10“ x(lS0 —IS)A'XI6.2/ = 2.67/ . 

The evapuating collector contents V. arc about 15 litres, so that AV = 17.67 litres. The safely water 
volume IV»» K = 0.01x(3.6+12.6+15)/=0.31/. 

The minimal operating pressure given by the height difference is 2.5 x Pa. so the expansion tank 
volume is 


K = 


4.5X10* 

4.5X10'-2.5X10' 


17.67/+ 0.51 =40.1/. 
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Heut exchanger! 

For heat transfer between the collector primary circuit and the storage tank, internal heat 
exchangers are usually chosen for small systems for reasons of cost and space. Gilled pipe 
or plain-end pipe heat exchangers have a specific heat transfer tale of 200-500 W/m'K. 

With maximum surface areas of 1-2 m' within 300-500 line storage tanks and a mean 
temperature difference of 5 K. internal heat exchangers are limited in their performance to 
about 5 kW. Thus in larger systems, external heat exchangers requiring a second pumping 
circuit have to be used. Through the forced convection on both sides of the heat-transferring 
surface, the transfer rates of counter-current plate heat exchangers rise to 1000-4000 W/m*. 
so at plate distances of a few millimetres per m* construction volume, very high power 
density can be transferred. 



IS 

ncu-rctum valve 

oo 

lockable valve 

® 

pump 

1 

temperature' 
pressure pu?c 


expansion vessel 

b 

security valve 


For the secondary circuit, a futiher pump is necessary, as well as an expansion tank and 
safety valves. 

Collector interconnecting am! pressure losses 

For an even flow through the collectors at high flow rates, and thus good heat transfer 
between absorbers and fluid, serial interconnecting of collectors is favourable. A limiting 
factor is the pressure loss Ap-££p 2 v : . which lises as a square of the flow velocity 
v = VI ; this determines the electrical power of live solar circuit pump. The flow 
velocity is determined by the mass flow m = pi' in the collector circuit, which is about 
10-15 kg per m' collector surface and hour in so-called low flow systems. In standard 
systems it is between 30-60 kg/(m'h) and flows through the tubing cross-section A„ |ni'|. 

The pressure drops are determined with the help of pressure loss factors £ which are 
calculated front friction factors in pipes and front tabulated factors for various fittings. For 
bends and T-fittings. an overall addition is set of a factor of 1.5 on the pipe pressure losses 
in practice. The pressure losses of pumps, heat counters etc. are determined from data 
sheets. 
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(3.71 


The efficiency fj of small solar pumps at KM) W electrical output is araund 2-7% and 
rises to 70-80% for high power dry rotor pumps. With small systems of up to 10 m* 
collector surface and 50 m pipe length, the pressure losses in the collector are less than 
0.2 x 10* Pa and in the rest of the solar circuit about 0.3 x I0' Pa. so without a pressure loss 
calculation, small, three-stage heating pumps (P rt < 100 Wi can be used. 

With medium system sizes of approximately 15-40 m*. typical total pressure losses are 
between 0.3-0.8 x 10' Pa. in each case a third of which is caused by lire collector field, the 
pipes and the heat exchanger respectively. In the collector field live pressure loss should be 
limited to a maximum of 0.3 x 10* Pa by combined parallel/series connection. In systems 
between 40-KM) m*. a collector field pressure loss of 0.4 x 10* Pa is acceptable: live rest of 
the solar circuit should remain limited to 0.6 x 10' Pa. In large-scale installations over KM) 
m». typical pressure losses of 0.7 x 111 Pa in the collector field and 0.9 x 10* Pa in the solar 
circuit can be expected. 


Example 3.2 

Estimate ol’ the flow rote of a small system of 10 m 2 . with a heating pump of 80 W maximum passer, 
jnd determination of the pump power of a large wale installation with 1Q> m 2 of collector surface and 
a specific flow of 30 kgiWh. 

With a pump efficiency of 7%, a typical increase in pressure of 5 x 1CT 4 Pa and an electrical power of 
SO W. a flow rate of 


r=^-= OI> ~X WlH ' sMxKr 1 —= 0.4— 
A/> 5x10 /\j .v ft 


can he transported. With a 10 m 2 system, that is alxiut 40 lAm*h, which corre^onils to a typical flow 
of a standard system. For a large scale installation with an assumed pump efllciency of 40ft. the 
electrical power is 


... ———X 1.6x10* Pa 

P =[*L = mh -= 333.3 W 

~ n 0.4 


Controllers 

The usual icmperaiure-difference controllers for warm-water systems control the solar 
circuit pump via a relay switch, as a function of live temperature difference between the 
collector exit and live store at the height of the heat exchanger. Temperature-difference 
regulation is usually provided by hysteresis, to avoid frequent switching of the pump during 
flow-begin and subsequent temperature reduction (switching-on temperature difference 
around 5 K. switching-off temperature difference 2-3 K). 
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3.1.4.2 Ileal storage 

Short-term Mores in solar thermal systems, for heating drinking water and supposing 
heaters, are predominantly steel tanks w ith pressure levels between 2-6 x lu Pa. For direct 
drinking w ater storage, these are either enamelled on the inside or made of high-grade steel. 
The stored dunking or heating water has a thermal capacity of 4190 J/kgK =1.16 W'h/kgK. 
so at a usable temperature difference of about 40*0. an energy quantity of 

Q it ■mc | Ar = l*£Xl.l6Wft/ij;A'x40A' = 46.4 Wh (3.8) 

per litre of storage volume can be stored. If a heater buffer store is loaded to 80°C and a 
low-temperature heating/inlet temperature of 4<» : C can still be used. 46 kWh of usable 
energy can be stored with a 1000 litre store. In a low-energy building with a heating power 
requirement of 5 kW. about 10 h of live heating energy requirement can be covered; a very 
short time store! 

Dtinking water Mores for solar plants are equipped, in contraM to conventional stores, 
with two heat exchangers, one of which must be situated in the lower, eool storage area, in 
order to utilise even small rises in temperature at the collector. The second internal heat 
exchanger is necessary for auxiliary heating in the upper third of the store (the standby 
section). Front the solar heat transfei in the lower storage area alone, and the subsequent 
free convection of the heated liquid w ithin tlte drinking w ater store, a high system inertia is 
the result, so usable temperatures of > 40 “C are only achieved after approximately 4 hours 
of inadianee. 


warm water 



w\v 



cw 


Figure 3.7: Drinking water storage with one or two heat exchangers. 


In new storage concepts, to reduce system inertia the solar-produced heat is led directly 
into the upper storage area. This is possible, for example, via a riser situated in the store. 
The w arm collector water is led by live riser from above to below , the storage water warms 
up fist in the riser and flows up into live upper storage area with the drinking water heat 
exchanger. The cooled storage watei at the heat exchanger sinks in a second conduit pipe 
back into tlie lower storage area. The drinking water is w aimed up via an internal heat 
exchanger when flow ing tluough the upper storage area. 
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Figure 5.S: Drinking-water sluragc wilh a mcr to hr mi: solar heat quickly into the upper dotage area. 


Alternatively, the warm collector water can he switched at high temperatures directly to 
the uppet storage area, via external switching with three-way valves. At low collecior 
temperatures the solar heat is brought into the colder lower storage area. 



Figure 5.9: Combined drinking water and heating storage with external switching of the collector 
suppl) into the upper or middle storage area. 

Apart (ram heating drinking water on the thraughflow principle, such heating-water 
Filled butler stores enable a simple solar I tea ting support, since from tlie middle storage area 
heat can tv drawn off directly for space heating The hydraulic connection of the buffet 
store to the conventional I tenting system must, however, be carefully planned for the 
preservation of the temperature stratification and for negative consequences on the 
efficiency of condensation boilers, if return temperatutes are too high. 
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Hem lours of stores 

The heat losses of a store consist of the heat transfer losses of the thermal insulation and 
also tire convective losses by fluid circulation through connections and armatures. 

The produet of that effective heat transfer coefficient U, 0 and cladding surface A of the 
store ( U„A I can be detemiined from a simple energy balance and also measured: after 
homogeneous healing of the store, the temperature of the store T„ drops without warm- 
water withdrawal simply by calorific losses of tire covering to tire ambient air at 
temperature T„ and by free convection in the tank connections. 

mc ^ = -( J « A )( r « { ' ) - T ‘) ,3 - 9 > 


As a boundary condition at the point in time t = 0. tire storage temperature is given after 
heating up tire store: T„ |,_,= 7^. From the exponential drop in storage temperature, the 
effective calorific loss of the store can be determined in \V'/K. 


*;<0=(r 1 ,-r)c*p - 




( 3 . 10 ) 


Example 3.3 

Determination of the effective calorific losses of a 750-litre heater 
buffer store from treasured storage temperature values on a night 
without direct heat withdrawal. Hie room temperature is constant 
at 13°C. 

The measured values are plotted as a temperature proportion of 
time dependent storage temperature minus ambient temperature for 
the initial test temperature difference between memory and 
environment against time, here in minutes. The exponential 
involution of the condition of temperature over time results in the 
function: 


f ." j= e.\p(—0.0001Xf) 


For a store with contents m = 750 kg and a thermal capacity of the 
heating water of 1.16 Wh X 60 min/h = 69.9 Wmin. an effective 
cakrilic loss of U S A = \(T* Xme = 5.22 W/K results from the 
exponential coefficient of 10 -4 min* 1 . 


Time 
| min 1 

Storage 

temperature I C*| 


49.20 

30 

49.15 

60 

49.00 

90 

48.85 

120 

48.75 

150 

48.60 

IK0 

48.50 

210 

48.40 

240 

48.25 

270 

48.15 

300 

48.05 

330 

47.95 

360 

47.80 

390 

47.70 

420 

47.55 

450 

47.45 

4K0 

47.30 

510 

47.20 

540 

47.10 

570 

46.95 
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Typical heal loss values for a 400-litre drinking water store are between 1.7 ami 3W/K, 
depending upon the standard of insulation and type of pipe connections, and for a 
1000-litre store between 3.7 and S.5W/K. Substantially higher loss coefficients point to 
missing non-rctum valves and strong convection of the storage water through the 
connection pipes. The effective calorific loss of live heater buffer store in the example is 
thus in the upper area of like loss values. 



Figure 3.10: Exponential drop in storage temperature. Alter 308 h. i«. some 13 days, the temperature 
has fallen to l/e ol the initial value. 


Solar stores are often cylinder geometries with flat ball caps as covers and bases. For 
simplification, the hall caps can he approximated in small shoit-temt stores by Rat surfaces. 
The U-v allies of the store top cover U, and bottom U e are calculated from the layer 
thickness .s and heat conductivity A of the thermal insulation (if present) as well as from the 
thermal resistance between the thermal insulation and room air l/h, (standard value 0.13 
m'KW). 




(3.111 


The length-related U r value of the standing cylinder results from tike solution of the 
stationary thermal heat conduction equation in cylindrical coordinates and depends on the 
outside diameters of the store <I. and the thermal insulation d„ The thermal resistance 
between the fluid and the store wall can he neglected when calculating like f/,-value. 
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4 

Figure .'.II Dimension* anil heal iranvler coefficient* of a Kcat More. 


u, 


-In — +- 

2 A cl. hJ. 


(3.12) 


The cnilrc ulimf i lowo( ilw More per Kelvin temperature difference in the ambient an 

thus result* in: 

UA = L\J*L'A+U S .A. (3.131 


Example .l.*! 

Calculation nf ihc calorific lone* of ihc cladding surface ol the above 750-hln store with the 
following geometry: 

Slim: height /: 2.0.1 m 

Stale diameter dir 0.69 ni 


120 mm PU foam insula ion wllh heal conductivity X. 0 04 W'mK 

Ileal transfer coefficient invule ft,: 8 W/m'K 


The bottom of ihc 'lint is mil insulated. 


From ihc above value* Ihc total iliameler J, - 0.91 m results. thus a length related (//value ul 
O KI W/mK and due to Ihc store height a calorific has Hi at I 65 W/K In uddituin iherr arc calorific 
k»«> al Ihc lop and die bottom. both with a surface of 0_17 in'. Hie heal irumfer cuelficiail of Ihc 













60 


Solar technologic* lor building* 


insulated cover is 6* = —--= 0.32- and of the uninsulated bottom U =-= S—,— . The 

' s/X+\/h t m K * I/A m'K 

entire calorific lews of the cladding surface is thus: 

va = uj +t/,4 ♦ l\ 4 = i .65 »r /+o. 1 2 w / a+ 2 .% w / * = 4.73JT v k 

Although the Ixtttom constitutes only 7# of the total clodding surface of 5.14 m*. its calorific loss 
coellicient dominates. With good temperature strati lication of the store, however, the temp:rature at 
the store’s lower surface, typically 20'C. is clearly lower than the top cover area temprrature of about 
60°C, so the total cahvific loss O. at a mean storage temprrature of 40 J C is distributed roughly thus: 


(l = 1.65 WjK X(40 -1S) K + 0.12 WjK X (60 -15) K + 2.% WjK X (20 -15 ) K = 61.451K 


«i»* 


s* 


-« 


3.1.43 Piping and circulation losses 

Piping calorific losses arise in the form of reheating power from the temporary operation of 
the collector anil warm-water withdrawal, as well as from constant heat losses in circulation 
pipes. The heating up power Q.\ can easily be calculated, at a given temperature difference 
to the surroundings, via the mass and thermal capacity of the pipe (m r <•,) and of the heat 
distiibution medium (m r c,|: 


(3.14) 

The output losses of a circulation pipe are calculated via the length-related f/ r value 
|\V7mK) of the insulated pipe: 


Q. (3.151 

wherc /, arc the operating hours of the circulation pump and / is the length of the circulation 
pipe. 


Example 3.5 

Calculation of the heating up losses 
antifreeze. from KFC to SO’C. 

Thermal capacity of copper cy 

Density of copper p. 

Thermal capacity of fluid cf 

Density of fluid p,: 

Pipe length /: 

Outer diameter 


of a DNI5 (15 mm exterior diameterl collectpipe filled with 

0.39 IcJ/kgK 
8S67 kg/m 5 
3-5 kJ/kgK 
1060 kg/m 5 
30 m 
0.015 m 




Solar thermal energy 


61 


Inner diameter d,*: 


0.013 m 


Mdi 

%= py,=p —j— i =i i"i«s = py, = p-f-i= ■»22kg 


a=(m,c,+« 1 c / )( r - r -) = ( J56 7- +14T7 ^^ 40IC ) = 


= 773.7 kJ = 215 Wh 


Example 3.6 

Calculation of the ciieulaiion losses of a 30 in long. DN15 pipe with S0"C warm-water. to room air al 
20°C. with a daily working lime of 10 hours. The pipe has .30 mm of insulation (X = 0.<M W/(mK». 


IS. 


0.075 


0 144- 


mK 


’A d.. hd. 2X0.04 0.015 Kx 0.075 


3.1.5 System technology for heating support 

Between ihe monthly solar irradiance o» collector yield maxima and the heating 
requirement of buildings, a half-year phase shift exists. Sensible heat stores have, however, 
only a small heat storage capacity of a few days. This means that decentralised heating 
support systems should be designed to cover no more than 15-30$ of the heating 
requirement, as otherwise summer overheating, longer standstill petiods and falling 
surface-specific eolleeior yields are inevitable. Collector surfaces between 10-20 m' per 
housing unit can be used, however, apart from the year-round drinking water supply, for 
heating support with no significant yield reduction. At collector areas below 30 m 1 . only 
short-term storage is necessary and system yield barely improves with storage si/e. as long 
as a minimum storage volume of about 0.8-1.5 m* is available. More important for system 
yield is the correct hydraulic connection of the conventional healer to the storage volume, 
if. for example, the return flow to the boiler is connected at live bottom of live buffer store, 
the useful temperature stratification will be destroyed due to the high boiler volume (lows 
and yield will drop by about 5-6 % (Keiskes n al.. 2002l. 

As system concepts, either two-store systems with separate diinking water and heater 
buffer stores are available, or more economical combined heating/di inking w ater stores. 
The temperature stratification of live store is important for a high solar yield, as long 
operation times of the collector circuit pump are only possible at low temperature levels in 
the lower storage area. A stratified transfer of the solar heat is possible through internal 
risers w ith diaphragm flaps, w hich enable a release of w armed fluid of low density only at a 
height at which the surrounding store fluid also has a low density and thus a high 
temperature. 
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Solar store 



Figure .*.12 Internal slepby-Mep loading of a heal butler More 


The riser with diaphragm flaps is healed through an internal heal exchanger by ihe solar 
collector warm-water supply flow CA. The healing circuit supply is laken from the upper 
storage area (heating supply HS) and step-fed in again depending on lire heating return 
temperature (heating return HR). Alternatively the feed can be controlled externally via 
temperature-dependent three-way valves. Decisive for the temperature stratification is. 
apart from the feeding of the solar heat, above all the heat extraction or supply of the 
heating system, which is always connected with high mass flows. The heating supply is 
connected to the upper storage area, the colder heating return should if possible be led into 
the store by a step-loading installation, so that at low temperature differences of the space 
heating and relatively high return temperatures, there is no direct feed into live lower storage 
area. Through the high heating water mass flows, the lower storage area without a step- 
loader is Iueated very quickly to the heating return temperature, i.e. at least 30°C. and often 
to 40-70'C. A heating return temperature rise through the store is not recommended if a 
condensing boiler is used whose condensation potential depends largely on low return 
temperatures which fall below the condensation point. 

The heating of drinking water by internal heat exchangers is no problem as long as the 
heat exchangers contact the whole store from bottom to top. Integrated small drinking water 
stores, if placed only in the upper standby section, can destroy the temperature stratification 
if provision is not made for a flow of live cooled storage water into the lower area, by 
special diverting pipes in the store. As an alternative to internal high-grade steel heat 
exchangers, use is also made of external plate-type heat exchangers with such a high 
transfer power that cold water passing through can be warmed up to the required 
temperature. In order to achieve as even an outlet temperature as possible, lire external 
heating water pump is revolution-adjusted as a function of the warm-water flow. In 
addition, a mixing valve provides an even outlet temperature and an upper temperature 
limit. 

A theoretical investigation of live solar yield of five storage concepts for live heating 
support of a low-energy building with 15 m* of collector surface and 1050 litres of storage 
volume has show n that only the concept of an integrated drinking water store in the upper 
storage area leads to a clear yield reduction. 13% compared with the best system 
(Pauschinger. 1997 Kerskes c/2002). All other concepts - a two-store system, a system 
with external through-flow heating of drinking water, a system with an integrated drinking 
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water More reaching from bottom to top. and a step-loading store with external heating of 
drinking water - produce yields of approximately 300 kWh/m'a. deviating by less than 3% 
from each other. If no storage is used, the system yield drops by about 20 %. 


3.1.6 Large solar plants for heating drinking miter with short-term stores 

Large central solar plants for heating drinking water, w ith collector surfaces of over 100 m*. 
are partieulaily suitable for buildings with a continuously high warm-water requirement of 
over 5 mVday. such as hospitals, nursing homes, old people's homes and large housing 
estates. All large-stale installations have central buffer storage with storage contents 
> 5 m': they differ mainly in the concept of live I seat transfer to the drinking water. 

Concepts are common to pre-heat drinking water on the thioughflow principle via an 
external heat exchanger w ith conventional auxiliary healing in a drinking watei store. 



Figure 3.13: Drinking water pre-hearing via external heat exchangers regulated by the measured 
drinking w ater flow. 


Since cold water temperature around I0°C is always offered at the consumption-side 
entry to the external heat exchanger, live return temperature into the buffer store is low in 
this concept, and the solar plant yield is up to 10 % higher than with classical load storage 
concepts. Apart from control problems caused by strongly varying tapping rates, the 
circulation losses cannot be covered via the solar buffer with this version. 

The classical load storage concept is based on the transport of heat from the buffer store 
into a drinking water store, as soon as live temperature level in the buffer is above the 
drinking water temperature in the store. In retrofit systems, existing stores can be used as 
auxiliary heating stores and the additional drinking water stoie for the solar plant is purely a 
pre-heating store. Here. too. the lack of cover of circulation losses is unfavourable. 

If a large drinking water store is used for pre-heating and auxiliary heating, the 
circulation losses can also be covered by solar energy. 
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circulation warm water 



Figure 3. 14: Transfer from a central buffer 'tore (o a drinking-water store. 


The pre-healing area is either designed as a separate store or as a large vertical stoic 
combined with the auxiliary heating store (the broken line in Figure 3.14). In order to be 
able to through-heat the pre-heating area to avoid the formation of legioncllae. heat can be 
taken out of the upper storage area. 

Lnul teguUnton 

The load regulation of the buffer store is set either by means of a temperature difference 
control between the collector and lower storage area, as in small systems, or frequently by 
combined irradiance/temperature difference control. Since in large solar plants the heat 
transfer to the buffer takes place via external heat exchangers and often large pipe lengths 
are available, not only the collector outlet temperature T, but also live collector circuit 
temperature T, at the heat exchanger entrance must be measured, since it is relevant for the 
heat transfer to live buffer. 

Either a temperature signal of the collector or a radiation sensor is used to switch on the 
collector circuit pump. (Peuser cl a!.. 20(H)). The control strategy reads. /’> on. if 7, - 7, > 
8 K. P: on. if T; - Ti > 7 K and if Pi is on. 

In pure temperature-difference control, live collector circuit pump is turned on if the 
collector temperature 7 is about 8 K above the lower store temperature 7. With long 
external pipes, a minimum pump operating time of some minutes is necessary , so that the 
warmed collector liquid reaches live heat exchanger entrance 7. To be sure of avoiding 
freezing of the heat exchanger on the heating-circuit side, a bypass must he added before 
the heat exchanger, if external pipes are long. The storage pump P, does not operate till 7 
is also about 7 K above the lower store temperature T, and live collector pump P, is 
operating at the same time. Titus at high room temperatures live storage pump will not be 
activated by a high temperature 7.. at night, for example. As in small systems. live power- 
off temperature difference should clearly he lower than live switching-on temperature 
difference, at about 2-3 K. 
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Alternatively to the collector temperature T,. a radiation sensor .S’, with a typical 
switching-on irtadiance of 200 W/m* can he used for sw itching the collector circuit pump. 
Again, the storage pump P, only operates if the heat exchanger temperature is around 7 K 
above tire lower store temperature. If the storage pump does not connect during the start-up 
minimum operating time of the collector pump, switch-off occurs when a lower irradiance 
value of about ISOW'/m' is reached. With a tunning storage pump, however, only the 
temperature difference between the heat exchanger entrance and the store temperature 
should he used as a power-off criterion, and not the irt adiance signal. 

When the maximum temperature T i of the store is attained, not only the storage pump 
but also the collector pump must be switched off. Thus the collector goes into standstill, 
and tire collector liquid evapoiates and is pressed into the expansion tank, or blown off 
under control. Since the components near the collector (aeration valve, sensors, thermal 
insulation) are designed for high standstill temperatures, no ptohlems arise. If. however, the 
collector pump is not switched off. high-temperature heat-hearing fluid circulates in the 
entire collector circuit, leading to a very strong thermal stress of all components. 

Discharge control 

The highest control demands exist for heating drinking w ater on the throughllow principle. 
Since the best heat transfer efficiencies result when there is the same flow on the buffer 
store side and the tapping side, tire buffer store discharge pump P > must be directly 
revolution-adjusted as a function of the tapping flow rate. The regulation signal is received 
either by a direct volume How measurement, or indirectly by a dynamic temperature 
difference measurement. 

For example, a dipping sensor in the cold water intake (7s) reacts far faster to changes 
m fluid temperature than an external pipe temperature sensor: when withdraw ing water, this 
different reaction tale leads to an initially high temperature diffetenee signal, which can be 
used for volume flow measurement. In practice, this regulation concept has so far proved 
problematic. 
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Figure .*.16: Discharge conlrol of the holler 'lore on pre-healing drinking water flowing through 
directly. 


Transfer from the solar buffer into a drinking water store is simpler and more robust via 
an external heat exchanger regulated by a temperature-difference measurement between the 
uppei buffer store temperature I, and the lower diinking water store temperature T,. 



Figure 3.17: Discharge coatrol oa transfer to a drinking water store. 


The buffer store discharge pump P, and the drinking water reloading pump P, operate if 
the buffer store temperature T, is about 7 K above the lower temperature in like pre-heating 
store T,. At a temperature difference of less than 3 K. both pumps are s\v itched off- 

3.1.6.1 Design of large solar plants 

In latge solar plants, strict sizing of the collector surface to the minimum summer 
requirement has worked satisfactorily, to avoid standstill times of the collector field if at all 
possible, and to offer economical solutions at high solar yields. With such low col lector 
surfaces, typical yearly degrees of cover of around 20% are achieved, while with small 
systems with a clearly higher specific system cost reduction per added square metre of 
collector surface, a slight oversizing in the summer with degrees of cover of 60 % is useful. 

Consumption measurements in a number of building types show that duting the 
summer, low demand periods have to he expected due to vacations; there pciiods cause a 
consumption reduction of up to 50% of the average value. Though consumption in a 
hospital is around 50-60 litres daily, pci full occupancy person, in a vacation month such 
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as July only 35 lines are measured, related to the same planned occupancy number. Taking 
sizing for these low demand periods into account, design can proceed on the basis of the 
following values. 


Tabic 3.3: Specific warm-water consumption in litres |x-r full occupancy person (pi per day (d .I at 
6WC. determined from summer low demand periods. 



Residential 

building 

Hospital 

Old people%' 
home 

Student halls of 
residence 

Specific warm-water 
consumption | Up d\ 

20-25 

30-35 

30-35 

20-25 


On the basis of daily total drinking water throughput thus ealeulated. the collector 
surface can be estimated. Annual yield calculations result in minimum solar heating costs 
of 0.13 CVkWh at a utilisation of 70 litres of warm water requirement per square metre of 
collector surface. I-auger collector surfaces mean lower utilisation of the solar plant with 
higher standstill times, a smaller yield and higher system costs. In contrast, higher 
utilisation, i.e. under-sizing of the collector surface, is no problem. The specific solar buffer 
volume per square metre of collector surface depends both on the uniformity of the tapping 
profile and on the degree of utilisation of the system. With an even tapping profile in multi¬ 
family houses, hospitals, old peoples' homes etc. and a utilisation of 70 litres of warm- 
water per square metre of collector surface, buffer sizing of 40-50 litres per m' of collector 
is sufficient. With larger collector suifaees. i.e. a lowei utilisation of 40-50 I/m', the buffer 
volume should also increase to 60-701/m'. 

In buildings with greatly reduced consumption, e.g. at weekends (industrial premises), 
buffer sizing of 70-1001/m' is recommended, depending on the degree of utilisation. 


Table 3.4: System efficiency and buffer store volume depending on the degree of utilisation and the 
evenness of the tapping profile. 


Degree of utilisation 
(litres/m 2 of collector 
surface) 

liven nest of the tapping 
profile 

System efficiency 

i*i 

Specific buffer volume 
(Urn- of collector 
surface) 

70 

even tapping profile of a 
multi family hixivc 

47 

40-50 

40 

even tapping profile of a 
multi family hinivc 

37 

60-70 

70 

Upping profile of aO 
workshop with no 
weekend convump4ion 

36-38 

60 80 

40 

tapping profile of a 
workshop with no 
weekend consumption 

H 

70-100 
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3.1.7 Solar district heating 

Solar district healing means a central healing supply 10 large residential or industrial 
estates. A solar district treating network consists of a central heating installation with a 
buffer store and a boiler for auxiliary heating, a heat distribution network, building transfer 
stations for treating and warm-water, plus the collector field, often distributed decentrally 
on buildings. In addition to the slroit-ternr buffer store in the central heating installation, the 
summer excess heat is deferred seasonally till the heating period by a long-term heat store, 
and the degree of solar cover can be increased. 

Energy can be supplied both for heating drinking water and for heating support via the 
solar district treating network. For an approximate design, both the heating requirement and 
that for heating drinking water must be known. Tire following reference values can be used 
for approximate sizing. 


Table 3.5: Approximate sizing of solar district heating systems lllahne el at.. I998). 



Solar district heating 
w ith short term store 

Solar district heating 
with long term store 

Minimum plant size 

From 30 40 housing unit* or 60 
persons respectively 

from 100-150 htniving unit* 

(70 m 1 each) 

Hat plate collector 
surface 

0 . 8 - 1.2 m* per pervon 

14 2.4 m* per MWh yearly heating 
demand 

0.14-0.2 m* per m* heated surface 

Store wriume 
(water equivalent) 

0.05-0.1 mW 

1-5-4 mVMWh 

1.4-2.1 rnVm* Hat plate collect tv 

Usable solar energy 

350-500 IWhftn 2 ! 

230-350 IcWhfarti 

Decree of solar 
cover 

drinking water: 50<* 
total: 10 - 2 W* 

total: 40-70* 


District heating systems differ in their types of heat distribution networks. In central 
drinking water heating systems, tire supply and return pipe for heating as well as a warm- 
water pipe and a circulation pipe for drinking water supply to each building are led 
<4-conductor network) from the central heating installation. Supply and return of the 
collector field needs two further pipes for the central heating installation (4 + 2 conductor 
network). Due to high circulation losses of the drinking water pipes, such a concept is 
sensible only for small systems with 20-30 housing units. 
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Figure 3.IS. 4 « 2 conductor network supply and return heating with home transler nation. warm 
water and circulation ptpc for direct heating ol drinking water, plus two pi I*- - ' for the collector field. 


Willi larger di.inct lieating systems, iho use of a second house iransfet station for 
drinking water healing is prefetable. due in high circulation losses. The heal distribution 
network is reduced lo two conductors, which must maintain all year ihe necessary 
temperature of (y>-70'C for lieating drinking water. Furtlicrmorc. as above, iwu pi|ies ate 
necessary for die collector field (2 + 2 conductor netwoik). The Ireai exchanger of the warm 
water transfer station can either be designed fot thtoughllow healing of warm water (with 
small eonsuinpiinn in one- or two-family houses) or else for transfer lo drinking water 
stores. 
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l>.l lltulUU (lull K»Ul 

(2*2 KllaluUCO) 

Figure >19: 2-2 cunduelur network supply and return pipes lot the house transfer nations heating 
and warm water. 


A further pipe can be saved if only the hot collector supply Ion the secondary circuit 
side) is led into the Isulter store of tlse central heating installation, while the solat teiurn 
pipe coincides with tlte heat return pipe. \'ia a house transfer station on the solar side, the 
heating or warm-water teluin can fe wanned up directly in like solar tiansfer station deturn 
tenipeiature rise) and How only then via the solat supply pipe to tlse centtal heating 
installation, tf heating is required in the building In this case the heat teturn pipe is not 
used. When heat is required without solat energy, hot buffet water is drawn via the heal 
supply pipe from the upper storage atea. and fed without return tise by the solar plant via 
the heat return pipe hack into live buffer. If no I seating requirement exists and if the solar 
plant is supplying energy, the direction of flow is reversed in the heat return pipe, and 
sioied water is drawn from the lower buffer store area to be heated in tlse solar transfet 
station, and returned via the solar supply pipe to the buffer. 

If the degiee of solar cover for drinking water and heating suppott is to be between 
4(k-7i)'« of the total energy requirement, long-term heat stoics with storage volumes of 
I -10 ns 1 pet in’ of collector surface are necessary. 
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Figure ' 20 Threc-ccimluclia nrtwwk with healing supply. sccomUry solar supply and a 'Karel solar 
and healer return pipe. With ihe long-term heal 'lore, solar heal can he stored seasonally. 


A short characterisation of the most important available storage concepts as well as 
apptmilitate ratios of storage volume to collector surface at 50'f solar cover ate taken front 
Kilblet and Fisch 11998) and I labile ct at. <1998). 


3.1.N Costs and economy 

The costs of a small standard system l< f»m*) can be divided into three: collector costs, 
costs of the store and solai station, and of assembly and pipework. Ai average equipment 
prices of some .’500-500(1»’ per housing unit, the result is solar heat puces of about 0.15- 
0.25 tVkVVh. vvitliout taking subsidies into consideration. Related to a square metre of 
effective area, capital outlays of 35-70 Out 1 in addition to the auxiliary (teat supply must 
be expected. The hesi cost-benefit ratio with additional investments of 15-20 € pet in' of 
effective area is obtained for large-scale solar installations with a shon-teim store. In the 
context of the German funding programme "Solaitliennie 2000". live dcici mined real solar 
heat costs are between 0.1-0.13 GVWh. Here too. the collector costs plus assembly and 
pipework each account lot one-third of the total costs: the storage and regulation costs 
clearly fall, however. 
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Tabic 3.6: CharacIciitlicN of long-term heal 


Store type 

Hot water note 

Gruxel/water note 

Earth pipe store 

Storage coticept 

container store iw earth* 
has in store 

earth basin with 
gravcl/wirter filling 
without a Itxad bearing 
cover const ructioin 

heat transfer piprs 
in the grinind. to a 
maximum depth of 
150 m 

Construction 

reinforced concrete, steel* 
or glassfibre-rcinfitfced 
plastic, or a pit with a 
cover and lid. stainless 
steel* or sheeting cover 

cover with plastic 
sheeting 

L‘* shaped coaxial 
plastic pipes with 
1.5-3 m separation 

Maximum/ 

minimum volumes 

max. 100IXM) m\ the 
largest store designed so 
far being 28 (KHO m 5 

• 

>100 (HXI m 5 due to 
high lateral heat 
losses 

Heal insulation 

15-30 cm at the 1k1 and the 
store walls, and also under 
the store if the pressure can 
be withstood 

as with water stores 

only in the 
covering layer 

5 10 m from the 
surface 

Store volume/flat plate 
collector surface 

l .5-2 J mVin* 

2.5-4 mW 

8* lOmVm* 

Approximate cons 
ff/m <) at 20000 m’ 
storage volume 

70-80 

65-85 

25 

Other characteristics 

container store costly 

with a gravel 
proportion of 60-70 
vol. Oi. armind 50% 
larger building volume 
as a w ater store 

easily constructed 


Iii ihc most economical large-scale installations with collecior surfaces of around 
1000 m*. the system costs, including planning and value-added ta.\. are around 375-465 € 
pei m* of collector surface iSluitgart-Burgholzhof. Goettingen. Neckarsulmi. Solar district 
heating systems with long-term heat stores require the highest floor space-related additional 
investments, around 75-140 £/m*. Here, however, the solar-covered proportion of the total 
heat requirement lies between 40 and 70%. while solar heated drinking water supply in 
small or large-scale installations covers at most 20 % of the total heat requirement. 
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Figure 3.21; Cut! alligation of 35 large-urate uilar theinial installations with vhi*t-lenn stores from 
the Solar if iconic 2(XM) programme. 


The total costs were about fi2l) €/in J including planning and value-added lax. 


3.1. V Operational experiences and relevant s tandards 

Like cimvenitnnal heating systems, solar plains require regular maimenanec. The most 
frequently occurring defects in practice are problems during installation and initial 
opctatinn (leakages in pipes, insufficient aeration) as well as unsatisfactory control 
strategics and liydtaulic problems. 


25 



Figure 3.22: Relative frequency (in r i| of defect'* in thermal solar plants. 
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The occurrence of leak)' fillings, especially on ihe roof, can be icduced by ihe use of 
larger collector units. Problems with air in ihe system are reduced by having as high flow 
rales as possible, i.e. scries connection of ihe collectors. Ventilation valves must be fined ai 
ihe highest places, and air cushions avoided: alternatively, pumps with a high increase in 
pressure can be installed to force air through Ihe entire cycle to ihe pump aeration valve. 

For ihe authorisation and performance evaluation of thermal collectors, live following 
standards and guidelines ate relevant: 

Collectors 

ISO 9806: performance evaluation and quality testing 

EN 12975: thermal testing of collectors 

Storage tests 
ISO 9459. part 4a 
EN 12975. pan 3 
F.N 12977. pan 3 

Systems: 

Solar drinking water systems 

ISO 9459. pan 5: 

perfotmanee evaluation of systems with forced circulation 
=5 performance evaluation of compact units 

=> investigation of systems with forced circulation, using the component test procedure 

Solar drinking water systems with heating support 

ISO 9459. pan 4: investigation of systems with forced circulation using the component test 
procedure 

In-situ test foi acceptance test (short-time procedure) 

Small systems: ISO 9459. pan 5 - DST (dynamic system testing) 

Large-scale installations from UK) m* up. ISO 9459. pan 4 - CTSS (component testing - 
system simulation). 

ISTT iin situ teim testing) 

Furthermore, for large-scale installations the steam boiler regulation is relevant, as it 
regulates the safety engineering and commissioning procedures of the system. 


3.1.10 Efficiency calculation of thermal collectors 

The available power and efficiency of thermal collectors is determined by the optical 
characteristics of the transparent cover and the absorber, and by the calorific losses between 
absorber and environment. If the mean absorber temperature 7, is known, the surface- 
related available power is obtained simply by looking at an energy balance. The itradiance 
transmitted through the cover with a transmission coefficient r and absorbed at factor a 
minus live calorific losses results in the available useful power Q, per square metre of 
collector surface A. 
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^- = Gm-U(T-T) 

A 


(3.161 


The efficiency of ihe solar-thermal eollecior rcsulis from the proportion of ihe surface- 
related available power divided by the irradiance in the collector level. 



r a 

•f 


C, 


(3.171 


rj„ represents the optical efficiency of live collector. The heat transfer coefficient of the 
collector U, consists of the losses at the collector front, back and sides. Tlw ratio of the 
temperature difference between absorber and environment T,_ T„ and irradiance G is called 
a reduced parameter. 

The temperature on the absorber sheet metal T 0 is. however, a complicated function of 
the distance from the heat-removing fluid tubes and the flow length, so an average value 
can only be determined very laboriously from a measured temperature distribution. What is 
measurable, however, is live fluid inlet temperature into the collector or the mean fluid 
temperature, which at not too low flow rates is given by live arithmetical average value 
between entry and exit temperatures. Above all the representation of the available energy as 
a function of the fluid inlet temperature is very useful for system simulations, since the 
fluid inlet temperature is given by the storage return temperature. 

To be able to detennine analytically the available energy at a given fluid inlet 
temperature or mean fluid temperature, live temperature distribution on the absorber sheet 
metal must first be calculated as the solution of a ihcunal conduction problem. 
Subsequently the local fluid temperature is calculated by the heat transfer to live fluid. At a 
given mass flow, the entire rise in temperature and available energy can then be calculated 
by integration over the flow length, and represented as a function of the fluid inlet 
temperature. 


3.1.10.1 Temperature distribution of the absorber 

To determine the conversion of the absorbed irradiance to available power, the heat flow 
caused by live temperature gradient on the sheet metal towards the fluid tube must be 
calculated. 

The temperature distribution on the absorber sheet metal transverse to the direction of 
flow is calculated by the theimal conduction characteristics of the sheet metal a ltd by the 
convective heat transfer coefficient between sheet metal and fluid. Hie calculation of the 
temperature distribution takes plate via the solution of the energy balance equation for a 
point on the absorber sheet metal. Tlte absorbed irralliance Gra is transferred on the one 
hand into calorific losses to the environment, and on the other hand into a heat flow led by 
the absorber sheet metal towards the fluid tube. Following Fourier's law of thermal 
conduction, this heat flow <)| at point x on the sheet metal is propoitional to the 

temperature gradient and to live cross-section area, which is calculated from the plate 
thickness S and the unit length / = I in the direction of flow. Due to the small absorber plate 
thickness, the tlwrm.il conduction problem is regatded as only one-dimensional, i.e. along 
the sheet metal. 
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Future 3.23: Geometry ol thi abiorber dteel metal "ilh fluid pipe and surface element tor energy 


The energy surplus between the absorbed radiation and heat losses leads to a change in 
the temperature gradient within a sutfaee element I di and is led off laterally to the fluid 
pipes over the ciuts-secuimal area IS. Using a Taylor sequence development, the difference 
ol the heal flows tesults in. 


e| -s?U -(-*<«>£] 



The power balance fot the surface element / di (with unitary length / = I in tlie direction 
of flow y) of the absorber sheet metal is thus: 


Gm(IJx)-L\ (T-T )(IJ,)+\(f6)±ld, = 0 




[£] 


(3-191 


Fium tins a secund-oidet diffeiential equation for the temperature field is ohtamed. 



SMr) 


(3’Ol 


As the /cm point of the .i-axis. the midpoint between two fluid pipes is chosen, at which 
the tempeiature is maximum and the temperature gradient is zero (fust boundary 
condition I: 
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= 0 (3.21) 

i—i 

A' ihc second boundary condition, a temperature of the sheet metal over the fluid pipe 
is assumed. The geometry of the fluid pipe with lateral sheet metal eotresponds to a 
classical cooling fin in which live sheet metal, in contrast to the collector, serves not to 
absorb heat but to lead it off. The temperature over the fluid pipe is. as with a cooling fin 
problem, characterised with base temperature 7*. This temperature can be eliminated in a 
second step, after determination of the useful energy led to the pipe and the convective heat 
transfer to the fluid. 


JT 

d. 


T U - r * ,3 “» 

The differential equation can be solved by substitution of the variables 
*F = T — T - Cm l L\ and by using the constants m = ^U~\X5i [m* 1 ] 


with the boundary conditions 




-my =0 



(3.231 


(3.24) 


MT-M 3 


7,-7 — 


Gta 

~ 


(3.25) 


and the general solution 

y = C sinh (nt«)+C. cosh (mx) (3.26) 

From the boundary conditions the constants Ci and C> are obtained. 

^ = C,m cosh (0) + C ; m sinh (0) = 0 => C, =0 (3.27) 


or a 


= £'i sinh (nr (IF — f>)i' 2)+C : cosh (m (IF — D) >' 2 ) = 7,-7.-— 
T u > 

Gta 


T-T 


C,= 


V. 


(328) 


cosh (m(W-D)l 2) 
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Alter hack substitution, the result for the temperature on the absorber sheet metal is 

(✓ra\ cosh(m.t) 

From the temperature distribution, and using Fourier's law, the amount of heat at the 
point ,i = (H—/»i /2 led from both sheet metal sides to the fluid pipe can now he determined. 
As the temperature distribution light and left of the fluid pipe is symmetric, live amount of 
heat calculated on one side can simply he doubled. The heat flow is characterised by . 


f(.v): 




i 


^=2*|-X(l*)£| 




<, m yinh(»r(lF-/J)/ 2 ) 
T - Jcosli (m (If - D) / 2) ” 


: -2A ( is ) r, - r„-i—- ;—tx m 


2 X ( ,S ) m ^ Gm _ L , ^ _ T jj lilnh _ D y 2) 


u. 


■■ («■ - b)i(iixa - u, (r„ - r.)) 


tanh(«(lf'-/>)/ 2 ) 

m(ir-D)/2 


(3.30) 


with-— = —used in accordance with the definition. 

U, in 

The fin efficiency F show s the ratio of the actual heat flow Q M . based on Equation 
(3.3(». u. the ideal Iscat flow =(H'-D)l(Gta-U,(T t -TJ )which would result if all 

the sheet metal were at the lower base temperature with correspondingly low I seat losses. 


tanh(«(H’-D)/2) 
m(M-O)/2 


(3.311 


^=(H'-/))/F((,w-f/ ( (71-7;.)) [M) 13.32) 


In addition to the I seat flow (J,„ led to tlse pipe, the irradianec directly absoibed via the 
external diametei D of the pipe must also be taken into account. 

(L. = Dt (<-» - L', (r, - r)) [ir] .3.33) 

The sum of these tw o heat amounts is transfetred convectively to the fluid and finally 
produces tlse useful power per pipe in the direction of flow. 
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e A .+fi-.-((«’-o)^+o)/(Gfo-(/ 1 (r # -r 4 ))=e Htrt) [»] ,3.34, 

The thermal resistance between the sheet metal over the fluid tube with a base 
temperature 1 \ and the fluid consists of a convective pan between the tube sheet and fluid, 
with thermal resistance l/h tl at a tubing iaside diameter of D„ and of the contact resistance 
between the sheet metal and tube. The convective heat transfer coefficient h„ is about 
100 W'/m'K with a laminar flow and reaches values of 300-1000 WVm'K with a turbulent 
flow. The effective contact conductivity is determined from the conductivity of the contact 
material, the width of the contact and the thickness and is usually negligible in 

today’s absorber constructions: A,„. fl 

, 1 , d n-r,) l» 1 13-35, 

The base temperature can now be eliminated by equating the available power from 
Equation (3.34). The available power |W| of an absorber pipe (number .V= I) for unit flow 
length / can be represented as a function of live local tluid temperature. 

-j—j — -i- (Gxa-U^-T)) ,3.36, 

I, ,xDl * A + ((If -D)F + D)U,I 



3.1.10.2 Collector efficiency factor F' 

The collector efficiency factor F' introduced by Duffie-Beckmann is the ratio of thermal 
resistances from Equation <3.36,. which arises as a icsult of normalisation to live surface 
area of an absorber strip of w idth H' and unit length / = 1 : 

F* -!“- ( 3 . 37 , 

w » , I , ' 

w a.^-p w ^ W ^ W .. 


The efficiency factor indicates the ratio of live actual available power to the higher 
available power, which would result for an absorber sheet metal at the low fluid 
temperature (with correspondingly smaller calorific losses). 

-mF^Gm-U.fr-Z)) IH] (3.38, 


3.1.10.3 Heat dissipation factor F\ 

The available energy calculated so far describes live heat supply from live absorber sheet 
metal to the fluid at a point y on live collector. This heat supply leads to a local rise in 
temperature of the fluid, w hich depends on the mass flow through the fluid pipe. 
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The calculation of the rise in tempeiature over the complete collector length then 
enables the calculation of the available useful power from the collector. For an absorber 
pipe the following energy balance icsults for a total mass flow tlmnigh the collector m. i.e. 
a mass flow per pipe of nr/.V: 



HF'(Gm-U,{T,-T.)) 


0 


with the boundary condition 



The differential equation is solved by substitution 


VmOm-U.(r,-T.) 


and separation of tike variables: 


4- 


SWT , 




The boundaiy condition results in 


T|. =C l =Gm-U,(T IM -T.) 


(3.391 


(3.40i 


(3.4H 


(3.421 


(3.43) 


(3.441 


and thus for the fluid temperature at any point y in the direction of flow: 

,»,(-&) cm* 

To determine the fluid output temperature, the collector length L is used for y. The 
product of the number of tubes N, absoiber strip width W and collector length I. thereby 
corresponds to the collector surface A. 



(3.46) 
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The available power of the collector {) can thus be represented analytically as 
function of the fluid inlet temperature, the ambient temperature and the irradiance. 


l .- (-g) 


<,za-V i {r i .',-T] 


Om-U,(T,.,-r 4 


(3.471 




The fust term of the equation, normalised to the collector surface A. is defined after 
DulYie-Beekmunn as the heat dissipation factor It indicates like ratio of lire actual 
available power to the attainable available power, if the complete absorber were at the cold 
fluid inlet temperature. 



(3.48t 


The heat dissipation factor, which depends on the mass flow and geometrically on the 
collector efficiency factor, leads to a simple available-power equation: 


Q.=AF,(Cm-U'(T tM -Tj) 


(3.49t 


The thennal efficiency is dctcmiined by the ratio of available power per square metic 
collector surface and irradiance. 



(3.50t 


The mean fluid temperature of the collector is obtained by integrating tire fluid 
temperature using Equation 43.45) over the collector length. 



(3.5lt 




S2 
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The mean absorber temperature is obtained by equating the available power equation as 
a function of the input temperature and as a funetion of the mean absorber temperature. 


r-r. .♦ 


r *■ 


QJ± 

UF . 




(3.521 


Example 3.7 

Calculation of the available power and temperatures of a flat plate collector at G = 800 W/m* 
irradiance. ambient temperature T t , = !0 r C and an inlet temperature into the collector T fJm from the 
lower part of the storage tank at 30 : C. To represent the influence of the mass flow on the available 
power and the temprrature conditions. the calculation foe a Iow*flow system with m =10 kg/m'h is 
to he earned out. and also foe a standard system with m = 50 kg/m‘h. 

The optical efficiency ffc = xa =0 9x0.9 = OK I and the entire calorific loss V, w ith 4 \\7m 2 K arc 


given. The data of the collector are as follows: 

Width of the absorber strip W 15 cm 

Length of the absorber strip L 2.5 m 

External pip: diamctie D (DNS. limn wall strength! 8 mm 

l leat conductivity of the absorber sheet metal >t iV%w 385 W/mK 

Sheet thickness 6 0.5 mm 

Contact resistance 0 

I leal transfer coefficient h 0 KICK) W/n^K 


Calculations: 


Fin elliciency 

F = 0.966 with m = JEl =4 56 [jji* 1 ] 

Ftliciency factor F 9 : 

F 9 - - —U - .-(».*! 

0.15(0.053+1.722) 

Heat dissipation factor F M : 

F, Lfc£j = 2 - 9 (‘ _ 1 2-9)) = 0.8 

F «L»« r =us ( | - e ’‘p(- 094,M5 )) =!09 


The heat dissipation factiv /•*/» is mass flow dependent. 
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The available power and efficiency improve with mine maw flow. At typccal flow conditions of 
collectors between 10 and 50 kg/nTh. the efficiency varies by 12tf. 


tltlicicncy: 


Outlet temperature: 



= 0.57 
= 0.64 


r,-=wc (3TQ 


The advantage of ihe 'mailer nuivi flour shows up particularly in the mil lei lempcralurc. During a 
single flow-through with Ihe low-flow system, a rise in lem|x*raluie of 39 K is achieved, with the 
higher through flows only 9 K. 


Mean fluid temperature: 7^=SI.I*C (JI.5V) 

Mean absorber temperature: r=5S.4*C <42.8*C) 


Between Ihe mean ahsorher tem|erature and mean fluid temperature there is a difference of 7.3 or 
S.3 K. respectively. 


3.1.10.4 Heal losses of thermal collectors 

The thermal collectors available on ihe market are today produced almost exclusively with 
a single transparent cover, or even no cover. The heat transfer coefficient between the 
absorber and ambient air via ihe collector front ( U t ) cannot be set as constant, since the 
temperatures of the absorber cover a substantially larger range than usual temperatures 
occurring in buildings. For each given absorber temperature, therefore, the convective and 
radiant heat transfer coefficients should be calculated iteratively and the U, -value of the 
front determined. The heat transfer coefficients through the insulated collector teat f/* and 
side panels U, can, however, be regarded as constant and calculated from the layer 
thickness > (m). heat conductivity X |W/mK) of the insulating material, and from the 
outside thermal resistance l/i, |m , K/W| between the insulating material and the 
environment. 
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The outside thermal resistance consists of a radiation-dependent and a convective, wind 
velocity-dependent proportion (l//i.,= 14/t.+Ji,)). It is quite sufficient to calculate using the 
standard value of outside thermal resistance of 14i„ = 0.<>4 m'KAV which is usual in 
construction. If all heat transfer coefficients are calculated from the absorber against the 
ambient temperature, then the parallel heat transfer coefficients can be added to the total 
loss coefficient U,. The losses through the collector sides with the small side panel surface 
4, are related here to the aperture surface of the collector A. 


V.m U. + U.+U.2. 


13.54) 


Heat transfer coefficient of the transparent cover U/ 

The heat transfei coefficient of the transparent cover consists of the total of the thermal 
resistances between the absorber and the environment. The thermal resistances between 
absorber and glazing R„. and between glazing and environment are calculated from 
the parallel heat transfers for convection h.. and radiation h,. 




R.. 


I 




—* 


K.t-* ♦*«-. 


(3.55) 


V, 


R + R 


13.56) 


The temperature-dependent I seat transfer coefficients are first calculated assuming a 
cover plate temperature T, As the heat flow Q I over the collector front between absorber 
aivd environment. 


equals the heat flow between absorber and cover. 

a new cover glass temperature can he calculated by equating the heat flows. 


^ - c, ft -r.) - )(r.-7,) 0 












) 


(3.57) 


(3.58) 


A 


(3.59) 
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In ihe following. the equations for the necessary heal transfer coefficients are discussed. 
Heal iium/ee coefficient for radiation It, 

lining ihe Stefan-Bolr/mann law. from a diffusely radiating black surface A, |m*| with an 
emissum coeflicienl f = I. ihe radiating power 

Q.=A t ar‘ 0.601 

is etiulied inui ihe nxun. ihe Stefan-Bolumann constant being o = 5.67 x Id* W/ni’K*. A 
pait • of this radiation pow er is absorbed by a second black surface A; placed at random 
in the room. A: Am its pan also emits radiation as a function of the tempeiatuie T:. with 
O. = A.oT.‘ of which the first surface absorbs a pait </>,. The net radiation exchange O 
between surfaces A, and A. results from the difference between the radiation to the 
respective other surface and the icturning radiation. 

Q-Q^~Q^= ® ~ I3.6H 

=aci. flu », u fin At » *i 


As both surfaces have been defined as black emitters with absorption and emission 
coefficients of I. no ictlection of tlx* radiation at the surfaces takes place. 



Figure 3.21 Radiant llux of a small ldiIt ciiMUi.il l two-dimensional element A, al temperature F t lo 
ihe surface elemenl A,, which atsinbs ihe pnipuniun <P,. and in lum cmils mdialion. 


If the two surfaces aie at the same temperature, the net ladiant heat exchange equals 
zero and the leeipiucity condition fur the foitn factors <ft_. und tf> ; , is obtained: 

| 3 . 62 ( 

The heat flow by radiation exchange between two black emitters is thus given by: 
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Q=*,A«{t> a 063 > 

The loim factors </*, as a geometrical ratio of the radiation-receiving surface A, to the 
entire hemisphere, into which power is irradiated, are generally complicated functions of 
the surface geometry. Only in those cases where the complete emitted radiation from the 
second surfj.e can he absorbed are lire irradiating numbers easy to determine. 

For the calculation of the heat transfer coefficients in solar thermal collectors, two cases 
are of special importance, the radiation exchange between two flat-parallel plates (absorber 
and transparent cover) and the radiation exchange between the flat cover and tike sky 
hemisphere. If w ith tike parallel plates it is approximately assumed that these are infinitely 
expanded, tire entire radiant flux of surface A, is absorbed by surface A, and vice versa, i.e. 
«Di; = d>:i = I. 

In the radiation exchange of a flat surface with the sky hemisphere, the radiation emitted 
by surface A, is completely received by the sky hemisphere, i.e. «t», ? = I. Conversely, the 
proportion which the small surface A, sees of the total radiation of the sky hemisphere is 
very small. Based on the reciprocity condition from Equation (3.62). here 
<X>. = A, / A ; » 0 for A, «A .. 

Normally the emission or absorption coefficient of surfaces is less than one (grey 
emitters), so the radiation received from the second surface with (I - e) = (I — <e) is panly 
reflected back, and in turn can be absoibed by surface A< with e, and reflected back with 
(1 - f,) etc. 

To create a radiation energy balance for surface Ai. the radiation reflected by 

surface A: and absoibed again by A- must be deducted from the radiated energy quantity 
Q . Furthemiore. the radiation emitted by surface A. and absorbed by A, must be 
treated as an energy gain. This balance should be regarded for the simple case of flat- 
parallel plates with a form factor of I. For radiation with intensity l), emitted by surface Ai. 
the following amount of heat returns: 

JMj} x t + (I-*,)(!-*,) x Mr, 

W ffr* fefVokrt fkaT.A, * A, ftv t*.t KflMkn fen \ M«k] ft.fV.Oat f»*T. A. fy A, 

+(l-£;)(!-e.)(l-e.) (l-g,) X (1-gQj +- (3.64) 

folcoja flat. A, f<*l r4«»ia fNr A. I? A, 


In addition, surface A. emits the intensity O ,. of which surface A. absorbs a proportion 
f, and reflects (I - £,). After multiple reflections the infinite sequence of the radiation 
absorbed by A, results in: 
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Q: 


1 - 0 - 00 -*:) 


(3.65) 


The energy balance of surface d, thus results for the radiation exchange between flat- 
parallel plates with di = A; and <P-.: = <Pzt = I: 


GL. 

0 


■Q~Qr 


:-Q-- 


'-('-*:) 0 -*.) ' 1 - 0 - 00-0 
<M: -0a 


(3-66) 


£, + £, -£,£ : 

_ £ l aAr£ : -££ : a.1 : T‘ 

£,+£,-£>£, 


1—1- aA fa* “£) 


— +-1 


This heat flow equation is linearised by extracting the temperature difference 7, - 7\ and 
thus the heat transfer coefficient for radiation h ,is determined. 


Q=h,A(r, “7. ) 


(3.67) 


* >< r ^> l5 “’ 

For the calculation of the radiation exchange between the absorber at temperature T„ 
and glazing at temperature 7,. 7, = 7, and 7. = 7, are set. 

Sele Him coaling 

The long-wave emission coefficients of black absorber colour are typically 95%. those of 
glass are XX (4. The emissivity can be reduced if a solar radiation-absorbing coaling is 
applied on a substrate with a small emission coefficient, for example a metal. Galvanisation 
of metals with black chrome is increasingly replaced by environmentally friendly cathodic 
sputtering methods, which also consume only one-tenth of like energy required for 
galvanisation. Emissivities of 5(4 can be reached, while shortwave irradiance absorption 
stays at 95(4. 

If one or more form factors <f>„ are not equal to one. live energy balances must be 
modified accordingly. This can he analysed by the example of the radiation exchange of a 
surface against the sky hemisphere. 

The radiation {), =£pAT‘ emitted by surface A t meets the sky hemisphere with form 
factor 0,j= I and is reflected with 11 - £-). Now. however, only a fraction of live irradiance 
reflected from live sky reaches surface i.e. <5 ; , = A,/A ; . The infinite sequence of the 
radiation reabsorbed by A, is thus modified as follows: 




SK 
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In a similar way. ihc radiation emitted from A: at A i is modified by the factor A\/A> 


,± 

The net radiant llux of surface A, is thus given by: 

a-- ,, i 

A : e, e A, 


(3.70) 


(3.71) 


from which Equation (3.66) results as a special ease for equal suifaees Ai = A;. If surface Ai 
is vety much smaller than surface A., then Equation (3.71) is simplified to: 

V-Tt) f°r A,* A, 13.72) 


If like sky temperature is defined with T rt , (T; = 7a,). the result for the heat transfer 
coefficient between cover ( T, = T,} and sky is: 

h - "° £ l ( 7 '/ + r X) ( T , +r w.) (3.73) 

The sky temperature takes into account tike transparency of the atmosphere, i.e. missing 
back radiation in the wavelength range between approximately 8 to 14 |im. The sky 
temperature can be calculated from the dew point temperature T* |K|: 


(3.74) 


As a simpler equation without calculation of the w ater vapour paitial pressure and the 
dew point temperature, the modified Swinbank equation |K) can be used (Fuentes. 1987): 
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7^ = 0.037536 T 5 + 0.32 T (3.751 

To be able lo calculate the heat Hows as usual by the temperature difference between 
cover T, and ambient temperature T„. the heat transfer coefficient for radiation is 
normalised to this temperature difference. 


h. -oe,(r/ + rX) (T t +l„) 


( T '~ T *.) 

T^y 


(3.7<n 


Coiivei ih t heat transfer coefficients h, 

Convective l>eat transfer occurs in the form of natural convection between the absorber and 
transparent cover, and as forced convection by wind forces between the cover and the 
environment. The characteristic nominal value for the convective heat transfer is always the 
NuBelt number .Vn. from which the convective heat transfer coefficient can be calculated as 
a function of a characteristic length I. and of the heat conductivity X of the air. 



(3.771 


Free convection in a standing air layer 

In a standing air layer between fiat-parallel plates, the plate distance ./ is used as a 
characteristic length L for the calculation of h,. For live calculation of the NuBelt number, 
there exists a set of empirical correlations for fiat plate collector geometries with a 
temperature gradient AT between absorber and cover and different collector angles of 
inclination p. Based on Duflie and Beckmann (1980) the following equation can be used up 
to collector angles of inclination of 75". for angles of inclination over 75" the function 
value of 75° is retained. 


Racoip I [ Racosp] \[ 5830 J J 

The plus sign of the bracketed term means that only positive results are to be used: w ith 
negative bracketed terms the teim is set at zero. The Rayleigh number describes live lift by 
the thermally caused density variations and is given by the product of the Grashof (<?r> and 
Prandtl (Pr) numbers: 


V X Va 


(3.791 


when: 

8 - 

P =I/T: 
AT: 


Gravitation constant (ito'* 2 | 

Volume expansion coelVicftcnt of ideal ease* |K~*| 
Temperature difference between the panels (K] 
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“= A/p.,.: 


Characteristic length, here Ihe panel separation il |m] 
Kinematic viscosity (m'/s) 

Temperature conductivity (m'/s) 


Forced convection by wind 

The convective heat flow at the glass cover of a collector is mainly caused by w ind. i.e. 
forced convection. A smaller propottion results from free convection between the pane and 
the ambient temperature. A good approximation is given by the following overlay of the 
two beat transfer coefficients: 



(3.80) 


The forced convection transition coefficient /r,, is calculated from a Nullelt conelation 
for a plate with flow parallel to the plate with a turbulent boundary layer (VDI. 1904). 


Nu 


0.03? Re 1 " Pr 


ws 


1 + 2.443 Re-*" I Pr”— I 


A .- 1 




(3.8H 


The Reynolds number Re results from the wind velocity v, and the plate length L under 
parallel flow conditions from Re = v Llv. For the material values v. p. X. t p the 
temperature of the ambient ait is used. The heat tiansfer coefficient h„ is likewise 
calculated with the panel length I. as a characteristic length. For the calculation of live free 
convection proportion, the glass temperature T, and the ambient temperature T, must be 
known. 




(3.821 


A simplified appioach lakes only il>c wind velocity into account, so 


h. t =4.214 + 3.575 v. 


(3.83» 


Example 3.8 

Calculation of of the front l*-value Uj of collector* with (£ = 0.1) and %% ithi>ut selective coating \€ = 
0.9) ol the absorber under the following biwndary conditions: 


Absorber temperature 
Ambient temperature 
Wind velocity 


7„ = WC 
T v = 10X 
v m = 3 m's 
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Emission coefficient of transparent cover 

Plate distance absorber class 

£, =0.88 

d = 2.5 cm 

o 

Collector angle of inclination 

Assumed pine temperature for first iteration 

0 = 45° 

T t = 40°C 


lit iteration: 

The heat transfer coefficient for radiation between absorber and glass is 0.79 W/m*K foe the 
selectively coated absorber. and 6.44 \V/m*K for the black absorber. The convective heat transfer 
coefficient of the standing air layer is determined by the inatenal values of the mean air temperature 
of (70 - 401/2 = S5"C lA = 0.0286 W/m K. V = 1.85 X 10 ’ mV*. p = 1.015 kg/m\ c, = 1.009 kJ/ 
kg K). The Prandtl number is 0.71 and the Grashof number 43787 at a mean temperature difference of 
30K h^ween absorber and assumed pane temper a t ur e, so the Rayleigh number is 31089. From this 
results a NuOelt number of 2.78 and a convective beat transfer coellicient 2.9 W/m*K. 

Between the glass cover and the sky, according to Ssvinhank a radiant heat transfer coefficient of 
h,.^, = 7.23 W/m*K is obtained at a sky temperature of 269 K. and for the wind velocity dependent 
convective heat transfer based on simplified liquation (3.83) h t . = 14.9 W/m*K. 

From this results the heat transfer coefficient of the transparent cover after the first iteration of 

V f =-j-!-j-= 3.17 for the selectively coated absorber, and 6.57 W/m*K 

2.9 + 0.79 14.9 + 7.23 
for the black ahsorber. 


With these values the new pane temperature is calculated: 

r = 70*C— 3.171>yA--x60»C 6 , c 

^ 2-9 Wm^K + 0.79 Wm~ A" 

or 27.8^0 fi» tlie Doo-selcclive absorber. The temperature is clearly lower than the originally set 
temperature of 40°C. With this temperature the heat transfer cxiefficients are again calculated. After 
the end of iteration the following values are obtained: 


Pa minder 

Selectivt coating 

Non*ufective 

hre. 

0.72 W 

6.08 W tn*KT* 

1 

3.4 W rn-'K' 1 

5.2 W m-'K - ' 


11.88 \V 

8.3 W m-'K"' 


14.9 W rn-'K*' 

14.9 W m-'K"' 

r. 

18.0°C 

27. rc 

u f 

5.56 W rn-'K"' 

6.64 W m-'K"' 
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.VI.10.5 Optical characteristics of transparent covers and absorber materials 

The transmittance of a transparent cover results from the reflection losses at the boundary 
surfaces and the absorption losses in the cover matciial itself. The teflectiofl losses depend 
on live refractive index of the cover material and on the mechanical stnieturing of the cover. 
The lowest lefleetion losses are achieved if an antiieneelive coating with a refractive index 
is used, which lias a value between tike materials "air"' and live cover material and if the 
glass is very plain. The mechanical stnieturing. which is still often used to avoid glate from 
direct iriadianee reflections and to optically hide the interior of ihe collector, increases 
reflection losses, especially at higher incidence angles. Compared to a plane, non-structured 
glass the annual additional reflection losses of a structuied glass ate up to 6 't higher. 

Absorption of the cover maienal can he reduced by a lower iron content of the glass, 
which increases transmission from typically K-I'i for standaid floal glass to for 

'solar glass". A low non glass with aiitiieflcction coating can achieve %'S transmission ai 
zero incidence angle. 

Ai the boundary surface of two media with different refiactive indices (here, for 
example, an and glass), the reflection characteristics of the surface can be calculated fmtn 
constancy conditions for the electrical and magnetic field. For this, tike almost unpolarised 
natural light is divided into two components, w hich strike the boundary surface parallel or 
peipendiculurly to the plane of incidence. The square of like field strengths results in the 
radiating power with the associated coefficient of reflection r. 



vertical lo the plane of 
incidence 


plane of Incidence 


Figure .'.25: Polarisation directions parallel and perpendicular to ihe plane of inculenee. 


The plane of incidence is defined by the surface noiniul and the irradianee vector. Hie 
reflected radiating pcwei f», in relation to ihe incident power G, insults from tlie average 
value between parallel and perpendicularly polarised components, which must first be 
calculated separately. 
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(3.84) 


The reflection factors are calculated according to tire Fresnel formulae front the angle of 
incidence 0, and the angle of refraction in tlte material 0 .. 


r _ '" v (*.--*) 
sin I0 : + 0 ) 


(3.851 


tan : ( 0 .- 0 ) 
tan : ( 0 . *0 ) 


(3.861 



Figure 3.26: Illustration of the angles and refractive indices. 


The angles ate. according to Snell's law. a function of the refractive indices n, and ny 



(3.87) 


With perpendicular irradiance. both angles are zero and the reflection coefficient of the 
boundary surface becomes 



(3.881 


The reflection factors at the boundary suifaec are equal for perpendicular iirudiance. 
then decrease to zero as a function of the angle of incidence 0 . with parallel polarised light, 
and finally use to one at parallel incidence. With perpendiculai polarisation like reflection 
factor constantly rises. 
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0 10 20 30 40 50 60 70 X0 90 

angle of incidence 1°) 


Figure 3.27: Reflection cccfflcicnt r for parallel and perpendicularly polarised incoming radiation 
after Fresnel. 


Table 3.7: Common refractive indices of transparent materials. 


Material 

Refractive index 

Air 

1.0 

G!*» 

1.526 

ftilycarbonate 

1.6 

Polymethyl Methacrylate (Plcxi glass! 

1.49 


Absorption in the material 

The reduction in radiation intensity in the cover material itself (JG) is proportional to the 
absolute intensity G of the radiation and to the extinction coefficient K of the material: 


dGm-GxKdx 

C, = Ccxp(-K («-*,)) 


(3-89) 


The boundary condition is given by Ihc incident intensity G () at the point x = The 
distance travelled in the material results from live thickness of the material L and the cosine 
of the angle in the material 0: to LI cos0 : . so live transmittance r„ of the matenal (without 
surface reflections) results from the intensity of the irradiance C, aftei a single tay passage 
to the entering intensity Gu at .to. 



(3.90) 
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Table 3.8: Ettinelum cocllicrcnu of u;m.s|iircnl material'. 


Material 

Extincsion coefficient K 

Solar glass 

4 

Typical window glass 

30 

Absorbing sun protection glass 

130-270 


Transmission aiul reflection coefficients of the transparent cover 

If the passage of an incoming ray is followed, taking into account the reflection losses at 
the entrance boundary surface in the material, then like intensity of the fiist outgoing ray is 
obtained including further reflection losses at the exit boundary surface between material 
and air. The rays reflected at the exit boundary surface are followed further and lead finally, 
after further reflections, to fuither exiting rays of lower intensity. The overall transmittance 
results as the ratio of an infinite seties of the exiting radiation intensity to the incident 
radiation. 

Similarly tire entire reflection coefficient is calculated from tire infinite series of the 
reflected rays. 


G- I 



Here the transmission or reflection coefficients must Ire calculated separately for both 
polarisation directions, and afterwards can be averaged arithmetically for unpolarised 
natural light. 


fa+T 


Ml-*!)' 


(3.911 


r 


2 
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p. “'i+'iO-'iV'vZ'iV - 'i- 


rA'-'jr. 
*-(rAY 


*«•<> 


p = '■ 


'A'-') 1 *: 


(3.92) 


Pi + P 


The absorption coefficient of ihe material can likewise be calculated via an infinite 
series, or directly from the transmission and icllection degrees. 


«x -1——p* - 0—X SO * r x\‘ 


(3.93| 




Example 3.9 

Calculation of the transmission and reflection degreet of a single-glazed. 4 mm thick solar glass cover 
i with K = 4 m~*and n = 1.526) for angles of incidence of 0 : and 60”. 


With perjxndicular incidence the reflection cocITicicnt For perjxndicular and parallel polarised light is 
r{ 0) = 0.013. With % = 0.984: 


r(o)= o^c-o^, a09 

I-(0.98x0.04.1)’ 


p(0)=0.043+ 


0.043(1-0.W3)'0.98'_ oos | 
I -(0.043X 0.98)’ 


For rum perpendicular Incidence bixh polarisation directions must be regarded separately. For 0, — 
6tr ii ft = 35°. Thus r x = 0.18 . r = 0.001 7 and r.. = 0.98. 

The transmission coefficients arc r, = 0.673.1 =0.98 and f = 0.83 and tire retleclion factors 
p x = 0.31. p = 0.0028 and p - 0 . 1 6. i.c. twice as high as with perpendreutar incidence. 


Absorption of absorber substances and transmission-absorption product 

The absorption factor of absorber substances can be regarded w ith good accuracy as angle- 

independent. 
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Table 3.9: Absorption cocllicientv and emisvivitiev of Ivpccal abhoibcr substances. 


Material 

Absorption coefficient (i 

Emiaivity f 

Black paint 

0.95 

0.95 

Black chrome on nickel 
(galvanically applied selective coating) 

0.95 

0.1 

TiNOx (vacuum sputter coaling! 

0.94 

0.038 


Taking into account multiple reflections between the transparent cover and absorber, the 
result is. from the infinite series, an effective transmission absorption product: 

where p is ihe reflection factor for light reflected diffusely at the underside of the glass (this 
ean be ealculated simply for an average angle of ineidenee of 60 "). 


inei 


incident itradiance G - I 


cov er with tiansmission coefficient t 



Figure 3.29: Effective transmission absorption product of a single gla/cd collector 


3.1.11 Storage modelling 

For the calculation of the calorific losses of stores, a simple energy balance (Equation (3.9)) 
has already been created for the temperature decrease of the stored watei as a function of 
time. A prerequisite for the analytic solution of the differential equation was the assumption 
of a homogeneously mixed store, with no heat supply or withdrawal from the store during 
cooling. In normal operation, however, apan from the transmission heat losses from the 
store Q . the solar collector and the auxiliary heat source supply the amount of heat O and 
Q x . and a heat load Q. is withdrawn by consumers for warm-water or heating. 

The temporal development of the store temperature T. results from the energy balance: 
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(3.951 


If the parameter S, or is used for the operation of the collector circuit or the load 
circuit of consumers, with the values I in operation and 0 at pump standstill or zero load, 
the energy balance can be represented as a function of the temperatures. The return 
temperature into the collector and the withdrawal temperature for consumers (consumer 
supply) equals live store temperature T, for a homogeneously mixed storage tank. The return 
temperature of the consumers is (in warm-water systems! the cold water 

temperature, in heating support the return temperature of the heating. The outlet 
temperature T fM from the collector (with mass flow rii ) is above the store temperature 
during operation of the collector circuit. For homogeneously mixed stores with temperature 
T,. the following energy balance applies: 


<"'■).(M (T,.„-r) + <X-8 (n*).(T-T^)-U t A(T-T) (3.96) 


Since neither the load pi utile with the operating conditions nor the auxiliaiy heating 
Q x are analytical functions of time, the above differential equation cannot he solved 
analytically. A simple forward difference method enables the calculation of the stoic 
temperature at the time-step n + I from the values of the pieeeding time-step n. 

* (s. 



Far more favourable for solar operaiion is. however, a thermally non-mixed store. A 
realistic storage model must take into account a temperature stratification. For this, the store 
is divided across its height L into several layers. For each layer an energy balance is 
created, which as above contains the supply of solar heat and auxiliaty energy, plus 
calorific losses and possible heat dissipation by consumers. In addition to these terms, the 
amount of heat Q 0 _ is exchanged in layer i w ith the sunounding layers i - I and / + I by 
natural convection and thermal conduction. Exact mathematical modelling of the 
convection current is complex. In the simplest approximation, thermal conduction and 
convection are summarised in an effective vertical heat conductivity . and the heat flow 
between layer i - I and i. or from / to i + 1. is calculated using the Fourier equation. The 
net heat flow for layer i of height ; and cross section A., results from live difference of the 
two Iveat flows. 
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The vertical temperature stratification in live store is diminished by a high effective heat 
conductivity. The cooling of live upper standby section leads to an increased heat 
requirement for auxiliary heating. Low collector temperatures cannot be used due to heating 
of the lower storage area. The effective heat conductivity with good stores without internal 
installations according to measurements taken by the University of Stuttgart (ITW. 1995) is 
in the area of the heat conductivity of water (A = 0.644 W/mK at 50"C). With good stores 
with internal heat exchangers. A,, can be set at 1-1.5 W/mK. Furthermore, amounts of heat 
are exchanged between the layers by forced convection, depending on the mass flow 
balance of the store. Since the external storage tank fittings are connected with only a tew 
layers, a separate balance has to be created for each layer. In the simplest case without 
external links in a layer, the theimal capacity llows are (me)=(/fre) and the heat flow 
by forced convection is given by: 

Q - -(«LPL. -*.)♦(*)(I -r w ) 99( 


For layers with external connections, the external heat flows must also be taken into 
account, and the total of the mass flows for each layer must be zero. The total energy 
balance for a layer is then: 

dT .. 

( 3.1001 

dt 

With the terms of forced and free convection, a coupling of the equations for layer i 
with the two layers f - I and i' * I occurs. Tlie solution to the set of equations is 
substantially simplified if in each time-step only the energy entry from the preceding layer 
/ — I is considered, which leads to a change of temperature in the node /. so live store 
temperatures T„ can be calculated downward successively. 
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Figure 3.30: Stratified wore with .V layer* 

Fur lire calculation of the energy exchange between tire layers from top <( = I > to bottom 
<( = M. first the effective mass flows are determined. If. for example, two connections for 
the collector circuit with mass flow m, and two links for the load circuit with mass flow 
"! are selected, with flow m opposite directions, the effective mass flow between tire 
layers m, is formed from rhe difference of ihe two mass flows. For tire first and last layer 
the effective mass flow is zero. 


rfisM-m, for I = 2..V (3.1011 

M = 0 for i = I and isjV+1 (3.1021 

A positive effective maw flow nr with energy entry from layer r — 1 in layer / is token 
into account by parameter A’* = I (otherwise A* = Oi. A negative efleetive mass flow from 
layer 1 + I. i.e. dominance of rhe load mass flow and thus cooling of layer i. is taken into 
account by pnrametei S~ ■ Thus the energy balance for rhe temperature node i reads. 

S ("<•) (*> -s: (me), {T, 

A (I ,-F>5>e(r ; _-r ,) + A i -,«,. 1 c(r ( -t m ) >3.io3» 
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and A 4 as the cross-section area of the respective node, and: 
i.e. collector supply into the top layer. 

i.e. load return into the bottom layer. 

i.e. energy input from layer / - 1 to layer i 

i.e. energy input from layer / + 1 to layer / 

Example 3.10 

Calculation of the tcm(CToture distribution for a 750-litrc buffer stive, loaded with a moss flow from 
the collector field of 150 kgrti and a constant collector fluid outlet temperature 7V.», of 6tt’C . The 
heat transfer cocflicicnt of the store walls is to be 0.5 NV/itfK . and the effective heat conductivity 1 
W/mK. The store diameter i* 0.69 m. the height 2.0 nv The ambient temperature 7* and also the 
initial temp:rature of the store is 12"C. Auxiliary heating is switched ofl* and no heat is withdrawn 
from the store, i.e. all load terms are zero. 

For the highest temprnture node, the term of the effective heat conductivity is omitted. The collector 
mass flow at temperature 7/.**»is bnxight into the highest nixie, so Si ' = 1. In the first time step the 
ealonfle losses to the environment, at the some initial store temperature os ambient temperature, arc 
still zero. With a time'step of 60 seconds, there is a rise in temperature in the highest node of: 


vv ith A, as the exterior surface 
8 


Hi 

Hi 


S' 


for 

/ = l 

for 

i* 1 

for 

j-.V 

for 

t*N 

for 

m, >0 

for 

m. SO 

for 

m.., < 0 

for 

20 



/ 


The second node is warmed by effective thermal conduction and fiveed convection from the first 
layer, with the forced convection clearly more significant. 
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Thu temperature* nrpicunilcd a* a function ol fine clearly shim flic temperature unihturaiion of the 
More m loading fium above by the collector. 



Figure 3.31: Temperature gradient in the Uutr at diflerenl height*. 


II at the .same time a load mass How te.c. the half mav» flow of the collector of 75 kg/h 
at a load return tempetature of II^Cj is withdrawn from the suite, the temperature gradients 
flatten accordingly. 



Figure 3J2: Temfvrjiurc gradient of a layer Mure with a hud mats flow of 75 kg/h and a collector 
mato flow of 1 50 kg/h. 
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3.2 Solar air collectors 

Solar air collectors are thermal collectors which use air as a heat distribution medium and 
enable much simpler safety and system engineering by avoiding freeze-protection and 
overheating problems. In low-energy and passive house development with low heating 
requirements and ait distribution systems for controlled ventilation, a certain renaissance of 
air heating has taken place, since with small air volume (lows covering the heating 
requirement, thermal comfort can now ho ensured. 

Solar air collectors are particularly suitable for integration into building shells, since the 
air collector, being a well insulated element at the rear, fulfils the thermal demands on 
external construction components, and at the front is in keeping with usual building 
materials by a glass cover or by trapezoidal sheet metal constructions. Due to lire use of air. 
possible collector leakages are not problematic, even for buildings with integrated warm 
facade constructions. 

However, the large dimensions of the air duets (due to the low thermal (real capacity of 
air and tire lack of direct storage possibilities for tire heat produced) ate a negative factor. 
For reasons of cost and efficiency, special stone stores have not gained acceptance in 
buildings. More suitable is the activation of storage masses in the building itself (hypocaust 
systems) or heat storage in conventional hot water tanks by means of an air-water heat 
exchanger. At present, only a few commercial air collector systems are available, but they 
are all examples of interesting building-integration solutions. 

Collector types 

Solar air collectors differ mainly in the type of absortrer cover and the air circulation along 
the absorber. Simple and economical air collector systems for pre-hcating outside air do 
without a transparent cover and suck ait in through fine perforations in the absottoet sheet 
metal. At the same time, the trapezoidal sheet metal construction of live absoiber sheet 
metal serves as a weather shell for the building. An example of such a product with a 
pciforated absorber and a thermally-insulated beating construction on the hack is the 
SOLAR WALL" air collector system. 


wall 


* 

absorber 


Figure 3.33: Solar an heater with a perforated external trapezoidal sheet 
inclat as the absorber. 


In transparently-covered absorber systems, live air is either led between the cover and 
absorber (so called Tromhe-wall) or. to improve the thermal characteristics, led under the 
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absutber sheet moral i under-Unwed absorber). Absorbers flowed - around on boili -ados, or 
porous ones, have not pained market acceptance. 

The calorific losses of the absorber to ilie environment depend, as with water collectors, 
on the cuvet svsiein. line laved absotbers are comparable to swimming |><x>l collectors and 
are used fur applications with small rises in temperature Calorific losses of under-flowed 
absorbers with a standing air layei between the absorber and cover are calculated like the 
thermal w ater collectors. With overflowed absorbers, the flow rate dependent convective 
heat transfer coefficients in the air gap enter tlie calculation. Calculation of the useful 
thermal energy is completely different, since a thermal conduction problem between the 
absorber sheer metal and the fluid tube no longer has to he solved, the entire absorber sheet 
metal transfers heat convectivcly to the air. 

Due to the substantially poorer heat transfer characteristics of air compared to water, 
absorber ribs are used in most collector systems for surface enlargement. Here (lie design 
with continuous, even ribs is the technically simplest and most economical. 


wall 




cover 


absoibci 


Figure 3.34: Transparently covered Air collector svilli a netted cuter. 



gltti cover 
•tandmu air la>cr 
ufoorber 
flow channels 
umiLatinn 


Figure 3.35: Transparently catered air collector with an unikrflowed uhuiber. 
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3.2. J System engineering 
Pre-heaitng of fresh mi 

The most favourable use of an collectors is. us with water-based systems. the preheating ol 
outside air with altogether low absoiber and air temperatures and thus small ealorifie losses. 
Systems fot air pre-heating are used for heating fresh uii in buildings walkout heat recovery 
systems. With decentralised an collector fields within the parapet area of a facade with an 
an intake into the space behind, the entry ami e»it an distribution system always necessary 
for heat recovery can be omitted. Even in an energy-optimised low-energy building, a 
commercial air collector can pioduee heating energy savings of between 150 kWh/m* in a 
lightweight construction and 210 kWh/m* in a massive construction for german climatic 
conditions thicket. 1008). Row tates recommended by the manufacturers are typically 
60 inVm’h. 


solar an collectors 


eileniw air 



Figure J.J6 System sketch of the pre heating at fresh air. 


Direct nlr /tearing {fresh alr/it-an ulnilni; mr) 

Apart from purely fresh air pre-heating, the warm air produced m air collectors can also be 
used fur direct heating, if the outlet temperatures ate at least 5 K above the room 
temperature. Systems fur direct healing ate usually operated with lower specific flow rules, 
to guarantee high rises in temperature even with low irrudiunce* in winter <20-40 mVm'h). 
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solar air collectors 



Figure 3.37: System sketch of air healing with air cnllcctm and mixed air operation. 


Indirect air heating ti lth hypocututs 

When there is a high healing requirement in rooms, the amounts of air neeessaiy to provide 
the heating can lead to uncomfortably high injection rates. To improve thcmial comfort, the 
solar-healed warm air van he led into ceiling or wall cavities in a closed cycle (so-called 
hypucuusts) and the room can he warmed by radiant heat. 


Combination tilth heat woven 1 tyuems 

The combination of an an collector system with heal recovery from the space exhaust 
air reduces the effectively possible heating energy savings by the air collecior. During fresh 
air pre-heating the air collector and heat recovety system compete, with the potential saving 
being In hi ted in total- With an air collcctoi between the outside ait inlet and the heat 
recovery unit, savings of 25-60 kWh pet square metre of collector are possible. If the 
collector is placed behind live heat recovery unit to pivivide additional temperature tises of 
the room inlet air. the an collector system is energetically more favourable. In a low -energy 
building, between 60 and 110 kWh of lieating energy pet square metre of air collector 
surface can be saved in this way. 
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solar air collcctois 



air handling unit 1 

wall hcai exchanger ,00 *» exhaufl 


and air heater 


Figure 3.38: Combination of air mllctrnrs with heal recovery tyurmi 


3.2.2 Calculation of the available thermal pow er of solar air collectors 

3.2.2.1 Temperature-dependent material properties of air 

In solar aii Iteateis. rises in air tenipeiaturc of 10-60 K usually occur in the direction of 
flow, and amund 30 K (uunhlied) to 10 K (libbed) perpendicularly to tlic direction of flow 
between the absorber and tear wall, depending on the heat exchange surface. 

The functions for calculating the kinematic viscosity, heat conductivity, specific thermal 
capacity and density of tin* fluid aie polynomial fits to the numerical values of dry air at a 
constant pressure </» = 10' Pat in the temperature range of 273 K to 373 K. The 
characteiislic fluid properties are calculated as a (unction of tl»c mean fluid tcmpcraiuic 

T,„ |K|. 


Kinematic viscosity: v = (0.09485 (T,^-273.I5)+I3.278 )xHT* I»ir/.<1 (3.104) 

Heat conductiv ity : A = (0.02795 ( T _ -273.l5)+24.558)xl0 J UV/mK] (3.105) 

Specific theiinol capacity: c, = 1006 + 0.05(y (- -273.15) (3.106) 

The density p |ke/m'| and the heat expansion coefficient /J’ |K -I | are determined from 
the ideal gas equations. 
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/> _ lO'iV/m’ _ 348.3 
R r ', 287.17^x7,/ T,, 


(3.1071 



(3.1081 


3.2.2.2 Entity balance and collecior efficiency factor 

Calculation of the thermal and optical characteristics of the transparent cover of an air 
collector with an under flowed absorber follows the method already described for water 
collectors, as the geometry of the glazing, the standing air layer and the absotber is 
identical. The heat transfer between the absotber and the fluid now takes place only 
peipendieularly to the absorber level. The geometry-dependent collector efficiency factor 
can thus be deduced from a stationaiy energy balance of three temperature nodes. 

. To . 


glass cover 
absotber 
air flow 
insulation 



Figure 3.39: Designation of the nodes and temperatures in a solar air healer with an underlloweil 
ahuirber (absorber width H). 

At node ii of the absorber, the iiradianee <7 let through w ith the transmission coefficient 
r is absorbed by the absorber sheet metal with the absorption coefficient a. The calorific 
losses through like transparent cover against the exterior temperature 7, arc calculated by 
the heat transfer coefficient U ,. Convective heat with the heat transfer coefficient h ,is 
transferred to the lieat distribution medium fluid with temperature T r and heat is exchanged 
by the radiation heat transfer coefficient /t,,_~ with the rear wall of the flow channel with 
temperature 7„. 


(;(7-7 ,)-h (7 -7, )-h ,(7 - T f ) = 0 


(3.109) 


Ai node /of the heat distribution medium fluid, the available power Q v is produced 
over the collector width R and the distance Ax in the direction of flow. This power consists 
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of ihe amount of heat transferred convectively from the absorber (with /r, tW ) and from the 
rear (with ). 


& -K-,bhx (r. -T f )-h, it _,b\>(T,.-r l )=o i3.noi 

Ai nixie b of ihe rear wall of the flow channel, heat is radiated from ihe absorber sheer 
nieral wilh a radiative heal transfer coefficient and at the same time heat is transferred 

eonveetively to the fluid. Calorific losses to the ambient air develop via the collector rear 
w ith the heat loss coefficient U v 

K^(T. -T s )-a,. w ( r,-r,)-i/*(r,.-r.) = o <3.in> 

liquations (3.100) and (3.1111 are solved for the absoiber and rear wall temperatures 7„ 
and r„ as a function of the fluid and ambient temperatures T, and T,. and these are inserted 
into the useful power Equation (3.110). Thus a conditional equation for the available power 
(? is obtained which depends only on the fluid and ambient temperatures. 


& = AF (6-( ra )-L'(r,-r)) 


(3.112) 


the collector efficiency factor F being given by: 



(3.113) 


and U, tepresents the total of the heat transfer coefficients over the front, hack and sides. 
The functional dependency of all characteristics on temperatures and flow rates is discussed 
in the following section. 


3.2.2 J Convective heat transfer in air collectors 

The collector efficiency factor is mainly dependent on the convective heat transfer 
coefficients. These vary over a w ide range, approximately 5 to 50 W’/m'K . depending on 
the flow rate ilaminar or turbulent current) and the ribbing of the absorber. The order of 
magnitude of the convective heat transfer coefficient determines live possible thermal 
efficiency and is a crucial criterion in selecting a type of air collector, whether with flowed- 
through absorbers, back-ventilated absorbers (for example PV modules) with flat-parallel 
gap geometry or ribbed air collectors w ith very small gap dimensions of a few centimetres. 

In active solar energy systems, the heat distribution medium air is moved by fans, so 
consideration of the forced convection has priority. In back-ventilated facade systems with 
large gap depths of between 0 . 1 -I m. the flow rates are often so small, however, that the lift 
term is not negligible and a proportion of free convection must l»e calculated. 
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In such systems with a large distance between the channel-limiting surfaces (cavity 
facade), heat transfer calculations for a separated individual plate geometry result in better 
results than for gap geometry. Besides, free convection between flat-parallel panels also 
dominates the thennal resistance of transparent collector covers, with which commercial 
air collectors are themially insulated against outside air. The calculation of tike conv ective 
heat transfer coefficients in the standing air layer between the absorber and glass cover is 
taken from section 3.1.10.4 in Chapter 3. 

Asymmetrical healing of like air duct is common to active solar systems; the solar 
radiation-absorbing absorber side is clearly warmer than the thermally insulated tear, which 
closes the air dun cither against outside air or. w ith watm facade constructions, from room 
air. The convective heat transfer coefficient h, is directly pioportional to the dimensionless 
NuBcli number Mi. which depends both on the material properties of like fluid and on forces 
of inertia and friction. For a range of geometries and temperature and flow conditions, 
experimentally determined correlations for Nulielt numbers iVn are available in the 
lineature. which enable calculation of the convective heat transfer coefficient using the heat 
conductivity of the fluid A (W/mK) and a geometry -dependent characteristic length I. (m). 



For the usual ease of air collector operation with a fan-driven forced current within the 
laminar or turbulent area, the characteristic length L is given by the hydraulic diameter of 
rhe flow channel </,. defined as live relation of the quadruple duel cross-section A to the 
circumference U. For a rectangular channel of height <= panel distance) // and w idth M'the 
result is: 



4117/ _ 2WH 

2 ( 11 +//) («' + //) 


211 


for — 1 

W 


(3.115) 


The types of convective heat transfer in air collector systems, with in each case one 
application example, are clarified in Figure 3.40. 
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Figure .'.40: Convection mechanisms in air collectors. 


In the following section, only classical air collector configurations with flai-parallel 
panels or ribbed absorbed will be analysed. whose heat transfer is dominated by forced 
convection (laminar or turbulent). 

Lambuir flow 

For laminar forced flow in air ducts w ith one-sided heating, a set of NuBeit correlations can 
be found in the litreature. The NuBeit numbers are generally constant in a fully developed 
laminar current; with the boundary condition of constant heal flow, a v alue of Nu = 5.4 can 
be used. In the intake area of live How channel, the NuBeit numbers aie however clearly 
higher and aie approximated as a function of the flow path x with functions of live type: 


(3.116) 


The thermal intake length .r,, is defined as the length within which the NuBeit number 
has fallen to a value 1.05 times higher than for the fully developed current. The intake 
lengths are generally very large with a laminar current. 

RcPrrf, (3.1171 

According to Merker and Eiglmeier (1999) the factor is between 0.0335 and 0.053 
depending on the boundaiy condition. The Reynolds number Re = vd t )v is proportional 
to the flow velocity v. and live Prandtl number Pr = Vi\ p A to the temperature-dependent 
material properties of live fluid. 


Vi-= 


(^RePr) 
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Example 3.11 

Calculation of the thermal intake length lor an air collect!* channel with 0.0275 m hydraulic diameter 
and a (low velocity v of I m/s at a mean tluid temperature of 4(CC . for the boundary condition of an 
intake developing both thermally and hydrodynamically. — 0.053. 


dynamic vivcovily rim 2 /*! 

1.707 X 10 ' 

heal conductivity x |\\7mK| 

0.02568 

heal capacity , ,.|J/kgK| 

10)8 

density fi |kg/m'| 

1.1123 

Re(-) 

1610 

Pr l-l 

0.7455 


Thii results in a thermal intake length i ( , of 1.68 m. 


The constants of the NuEelt correlation from Equation <3.116). c* c, and i; depend on 
the dimensionless: flow path x' = .x/iRc Pr d,) (Shah and London. 1978). According to 
investigations into flat libbed air heaters the relation of the flow channel width W to the 
channel height II is used as a parametei (Altfeld. 1985). As a boundary condition, a 
constant heat flow in tike direction of flow and a constant temperature in the circumferential 
direction, i.e. along tike rib. are assumed, and the critical Reynolds number for the transition 
from a laminar to a turbulent cuirent is set at 3100. 


Table 3.10 Coefficient* for NuBcll correlations 


Parameter 


c \ 

fj 

Reference 

x* 0.00325 

0 

0.5895 

0.5 

Shah and London 

0.00325 < x m £ 0.045 

0 

2.614 

0.24 

Shah and London 

x> 0.045 

5.39 

0 

• 

Shah and London 

W/11 = 0.5 

4.11 

0.0777 

0.8212 

Altfeld 

\\7U= 1.0 

3.6 


0.7782 

Altfeld 


An extended equation by Merker and Eiglmcier is likewise taken up in the cotnpaiison 
of the NuBelt correlations represented in Figure 3.41. The average values of the NuEelt 
numbers, integrated from 0.1 to 2.5 m. are indicated in the legend and hardly differ. 
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fcnuih »in flow dinr.tiuii |m| 


Figure 3.41; Nuitelt number* at a function of the distance .i from the intake into an air collector for 
laminar current. 


Since to calculate the convective heal transfer for the efficiency factor F'. only ihc 
mean NuBoh numlier over die collector length is needed and die average values of (he 
differeni coirclaUuRs luirdly differ, n is recommended that you calculate die integral foi a 
eoitclatmn and determine dueedy the mean NuLVelt iiumhci as a (unction of die collector 
length. If. for example, the Altfeld correlation is used with: 


W/H = 0.5 


1130 


Su = 4.11 4-0.07771 


It/, RePr 


the average value can be calculated directly from the integral: 


<3.1181 


Su. 


| Sit{x)d* 


L.-U 


-4.I1 + - 


03345 


K RePr) (I,-A,) 


(3.119) 


Since the NulWIt numbers for x —*Q become infinitely large, for calculation of the 
mean Nuftclt number, integration should only lv earned out from, for example. 1*=0.1 tn. 

Example 3.12 

Calculation of the mean N'uiiclt numter fee a collceliw or flow channel length 2.5 m Fur the collector 
in Example 3.11 at u flow rate of Im/s. 

At the Reynolds number of 1610. laminar (km condition* prevail. At integration limits of 0.1 m and 
2.5 m. the mean Nuficlt number results in Xu* = 5.758. From Out a mean heal transfer coefficient h t 
of 5.3S W/mHC is calculated. 
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Farced lurlnilcm Jlon 

Wiih turbulent flow, ihe influence of the intake area is smaller than with laminar current. 
The influence of the boundary conditions and the channel geometry is also small with 
luihulcni flow As a general equaiiuu foi calculating the NulSeli numbers with turbulent 
flow, the modified Petukhov equation for Ke > 3100 can he used. 

(Re-IOOO)Pri f y >\ 

Nu = ---2— 1+ -d- (3.120) 

with / = <0.79In Re—1.64f~described as the pressure loss coefficient and the term 
I (i/, / L )’ is a correction term for short channels with a channel length L . 

A simplified NuBelt cotrelation is indicated by Tan and Clianers (1970) for 
asymmetrically healed flat-parallel panels and a fully developed turbulent current, which 
likewise contains a collection term foi short channels. 

<Vu■ 0.0158 Rc“+(0.00181Re +2.92)cxp(-0.03795I ld t ) (3.1211 

Both conelations produce suffieuntly exact values for the convective lieat transfer 
coefficients. 



flow channel length |in| 


Figure 3.42: Nuflelt cintclalnvu for lorced convection 


Wiih tlie above NuOelt conelations, the heat trunsfei coefficient of nhbed abstubers can be 
calculated. 

Example 3.13 

Calculation of ihe convective heal tnimfer coefficient h, fi» ihe 2.5 m long eolleenu in Example 3.11 
a! a Dow rale of 2.5 m/.v. 
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The Reynold* number for the flow channel of0.0275 m hydraulic diameter is 4026. Thu result* in a 
preisunr loss coefficient/= 0.011 and a NuL'elt number 14.53. based on the Petukhov equation. The 
convective heat transfer cocITictcnt for a turbulent current is 13.57 \\Vm , K . i.e. almost three times as 
high as with the laminar current. 


Rib efficiency 

The heat transfer coefficient h, calculated so far tefers to the complete heat transfer surface 
of the air duct confinement surfaces A f . which for each flow channel is composed of the 
absorber underside and channel reai wall of width W and the two lateral ribbed suifaces of 
height //. For a unit length in the direction of flow, the total area of the flow channel is: 

A,= 2(H' + //)xl (3.122) 

Since ihe surface reference for ihe available power calculation is the absorber surface, a 
surface normalisation fot tire convective heat transfer coefficient must be earned out. 
Furthermore, it is taken into account, by means of the so-called rib efficiency, that the 
temperatures of the ribs drop from the absotber temperature level. 

The tib efficiency is deduced similaity to the temperature distribution calculation of the 
absorber sheet metal with water-throughflowed collectors, assuming ideal thermal contact 
of tl>e rib to the absorber underside, a constant convective heat transfer coefficient and 
neglect of I seat dissipation at the rib point. 


w ith 


n* 


tanh(nr//) 

^7 


(3.1231 


m 


U, A. 


(3.124) 


and h, as the convective heat transfer coefficient i elated to the total area and A*» as the heat 
conductivity of the street metal. The relation of the circumference of tire rib U K , of rib 
thickness r to the cross-section of tire tib .-t„ results from: 


A, Hi 


(3.125) 



Figure 3.43: Geomeliy of a nbbed absoeber. 
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The surface relation of the heat-transferring ribbed surface Ata=2H x l to the entire 
channel confinement surfaie A t is defined with /i following Altfeld (1985). 


5l- 2,1 -JL_ 

.4, 2 («• + //) (»' + //) 


13.126) 


and the relation of tike surface between the ribs .4„ to the absorber surface A is defined 
with y 


4 . •*’ 

A I«’+/ 


(3.1271 


The heat llux from the absorber undeiside and rib to tike fluid O a . related to the 
absorber surface A. is deseiihed by the heat transfer coefficient /i t-M . which results from 
the rib efficiency and the surface factors from the already calculated A,. 




(3.128) 


w ith 


Aw -'))*. 


(3.129) 


For ihe rear of ihe flow channel, ihe convective heat transfer coefficient is reduced by 
the factor y i.e. by the effective heat-transferring surface portion of live rear. 

4*-,=y/r (3.1301 

The two heal transfer coefficients and can be inserted into the equations of 
the collector efficiency factor. 


Example 3.14 

Calculation of the convective beat transfer coefficients h t M . f and h f ^. f of the underflowed ribbed air 
collector already considered, with flow rate* of 1 nv's iw 2.5 mfa. To calculate the surface factor* fi 
and the exact geometry of the flow channel is needed: 


Rib height // of the channel: 

Rib thickness /: 

Rib distance (= channel width) W: 

Heal conductivity of Ihe nb sheet metal x 


0.028 m 

0.0014 m 
0.027 m 


2.38 W/mK 
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!> = 0.5091,/ = 0.9507. AJ = 6.3 


Flow vrforrivfwilij 

|W/m*K| 

m 

Rib efficiency t\x\ 

|W/m>K| 

|W/m*K) 

l 

5.38 

5.82 

0.991 

15.6 

5.1 

2.5 

13.57 

9.25 

0.978 

39.1 

12.9 


3.2.2.4 Thermal efficiency of air collectors 

With like convective heat transfer coefficients determined above, the I teat transfer 
coefficient for radiation It, and the total heat transfer coefficient U, between the absotber 
and environment, the efficiency factor F can be calculated using Equation (3.113). The 
heat transfer coefficient for radiation is calculated on the simplified assumption that the 
absorber and gap rear wall can be described as infinitely expanded flat-parallel surfaces, 
and the ribs are not considered. 

Due to the small emissivities of the duct confinement surfaces e, = 0.04-0.1) and 
the small temperature difference between the surfaces, typically 5K. these assumptions 
produce sufficiently exact results If., and 7, in Kelvin). 

, g , fc ! +?)(7-frj (3.1311 

eT 

The heat transfer coefficient U, is calculated, as with tike flat plate collector, in 
simplified fashion as the total of the front, side and rear wall losses, i.e. of the temperature 
node of the absorber to the environment: the side and rear wall losses U, and U, are 
temperature-independent and can be set as constant. 

U r = U,+U t +U i (3.132) 

The heat transfer coefficient through the transparent cover takes into account wind 
influences (h ,.) and radiation losses to the sky (A,.*,) and is. as with the flat plate 
collectors, calculated iteratively as a function of tike glas cover temperature 7,. 

U, =- 1 -1-j- (3.133) 

Since all the I vent transfer coefficients are temperature-dependent, first temperatures for 
all surfaces and the mean fluid temperature must be given. With the initial temperature field 
all coefficients are then calculated, the collector efficiency fikrior F is determined and the 
available power is calculated as a function of the fluid input temperature: 
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ft = AF e (G(m)-U, (T^-T.)) 


(3.134) 


will) 




From il>e available power, che mean tcmpcraiums (or ihc absorber 7. flow channel rear 
wall 7. fluid T, and glass cover T, aie then calculated similarly to water-through flowed 
collectors. 


r.=r,.+ 


ft 


AU,F, 


(>-/>) 


r '- T - (T-rrj 


The temperature of tl>e flow channel rear wall ts calculated by resolving the energy 
balance Equation (3.111J with the mean fluid temperature used for T y 


-,r, 


(3.135) 


With these temperatures, in the nexi iteration new heat transfer coefficients are 
calculated. The iteration is continued until the change in the temperature field becomes 
negligibly small. 


Example 3.15 

Calculation of the available power, the outlet temperatures and the thermal efficiency for a facade* 
integrated air collector at 8<X) W/m* irradiuncc and an ambeent temperature of IO : C. The ambient 
temperature equals the inlet temperature T tu in the collector. The air duct geometry corresponds to 
the examples already calculated with a collector length of 2.5 m. and the heat transfer coefficient of 
the rear is a constant 0.65 \V/m ? K ( side losses ignored i. 
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Table 3.11: Rcuilt taMc for air collector efficiencies. 



&'uiu/«irt taudjrJjvj 

V, 

!W i 
mOCI 

f 

H 

y. 

i-i 

a ^ 

(W/in* | 

IKI 

T, 

IKI 

fi¬ 

lm 

n 

l-l 

1 

v - Imfc <t M «j-3m/M. C.- 0 .M 

66 

<i.VH 

(1.59 

375 

49.9 

26.0 

40.2 

0.47 

2 

3 

v -lmk C.-0.1 

4.2 

0.79 1 

u.r»9 

442 

56.9 

1 28.8 

46.0 1 

0 M 

v ~2Smh c»«0.9 

6.2 

CI.K7 

0.80 

.114 

30.3 

18.3 

26.1 

0.64 

4 

v c-0.9 

5.4 

0.89 

0.82 

32S 

30.8 

18.5 

26.6 

0.66 

5 

v -2.3in/ft<t MA Hn>fch E.-0.1 

.1.55 

(1.92 

0.88 

562 

32.1 

19.9 

27.7 

0.70 


Ftuiii Ibc results. ihe efficiency rise with the change of ilie flow from laminar (No. I. 2) 
into tutbulent conditions (No. 3-5) is clearly evident. The first two simulations with 
lammoi flow differ by the emission coefficient of the absorber r,. w hich in the case of the 
selective mating is 0.1 and with the black absorber 0.9. Due to live selective coating, the 
heat transfer coefficient falls from fi.6 to 4.2 WVm’K and the efficiency rises by I7'.i At 
higher flow rates of 2.5 m/s. tin* influence of the outside w ind velocity was examined. A 
reduction of 3 m/s to I m/s leads to a i eduction of the (/,-value of 0.8 W/m'K. and an 
efficiency improvement of 3'S>. The selective coating bungs a luither H'i efficiency 
impiuvemcnt. 



Figure 3.44: Rue in Icmpsrriiuie IcoalmuiHit lines i and efficiency llmiken lines I of an air cnlleetiv. 


The boundary conditions for these temperature-rise or ellieiency ealeulannns as a 
function of the specific flow rale tin mVh pet m* of collector surfacel arc: irradiancc of 
81KI W/m*. I0 'C ambient temperature and 3 m/s wind velocity. 
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3.2. 3 Design of the air circuit 

The volumetric air (low of the collector depends on tire desired application. While during 
pure fresh air pre-heating, high flow rates of > 60 inVin'h with good thermal cffieicney aie 
favourable, direct treating or hypocaust applications require high rises in temperature and 
thus low specific (low rates (20-40 inVni'h). 

With duett heating applications, tire outlet temperature determined by the surface- 
specific flow rale must he limited for reasons of comloit. in houses to 45 C C . in industrial 
applications to a maximum of 60°C. The temperature limitation can take place either by 
flow rate tegulation or by the addition of cold air. 


11.11 Collector pressure losses 

Inn inteieomreeting the collectors it is best to select as long a collector series as possible, to 
reduce the connection channels and thus system costs. At the same time, by series 
connection at a given total volume flow T the flow velocity v in tire air duels and thus the 
convective heat transfer is increased, since the thioughflovved duct cross-section surface A„ 
is small. 



Figure * 45: Series ami parallel connection of collectors. 


A limiting factor for tire numlrer of collectors svv itehablc in series is tire pressure loss by 
friction A/r,. w hich at laminat flow uses linearly and with turbulent flow as a square of the 
flow velocity. Hie friction piessure loss is calculated from the coefficient of friction A. the 
length /. the hydraulic diameter if* and the dynamic pressure p 2 v'. 



(3.1371 
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With laminar flow. the coefficient of friction A is in inverse proportion to the Reynolds 
numhet Re. so the result is the linear connection between the pressure loss and the flow 
rate. 



64v 

vd > 


(3.138) 


With tuihulent flow, the coefficient of friction depends on the toughness of the wall. 
The ducts of a commercial ait collector have, for example, an absolute roughness of e = 
0.15 mm. comparable to that of galvanised steel tubes. The pipe friction number is 
deicimtned iteratively as a function of the roughness and the Reynolds number both for 
hydraulically smooth and rough pipes 


I 

lx" 


-HS 


A 3.72d, 


(3.159) 


Kxantplc 3.16 

Calculation of the pressure loss of the above air collector with <1, — 0.027 m at flow velocities of 
I ini's. 2.5 nil's anil 5 in's and a mean air lemperaliire of 4(*’C . 


velocity v 

Reynolds number Rc 

Friction coefficient A 

pressure drop 

|m/s| 

i-i 

H 

Ap,|Pahn| 

1 

1583 

0.04 

0.82 

2.5 

3957 

0.045 

5.8 

5 

7914 

0038 

19.6 


3.2.3.2 Air duet systems 

In air duct systems, besides pipe friction losses consideration must also be given to pressure 
losses through individual resistances Ap, resulting from changes of direction and cross- 
section and from branchings in live duct system. In a turbulent current, these flow 
resistances are caused by the formation of eddies and are proportional to the square of the 
mean flow velocity. The dimensionless coefficient of drag £ is tabulated in treating and 
climate-technical manuals for all usual components, and varies over a wide value range of 
approximately Iff 3 (steady narrowings or wtdenings) to 10 (iron-return valve, branches 
etc.). 


A P/ =£py (3.140) 

The dimensions of the installations and of the air ducts result from given values for 
maximum flow velocities, which should not be exceeded due to sound-related problems 
and to high pressure losses, as shown in Table 3.12: 
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Table 3.12: Approximate values for flow velocities. 


Duct type 

Veiocitiy 

Small air systems in reudcntial txiildings up to 5Q) mVh. tubes behind inlet/outlet 
valves 

3-4 m/s 

Medium air systems, connecting ducts and air distribution ducts 

4-8 m/s 

Large air systems and collecting channels 

Bin's 


Ai a given (low rale and a given maximum velocity, ihe duct cross-section surface and 
the pipe diametei are calculated by A (| »»d J 4 = VVv. Typical distributions of pressure 
losses in large systems with short distribution pipes in the building are about 50% in the 
collector field itself. 15% in the collecting ducts and 35% in the building. 

After determination of the total volume flow and live pressure loss calculation of the line 
with the highest losses imain line), the electrical power required by the fan can be 
detemiined. This is propoitional to the flow rate and pressure loss, and depends on the fan 
and motor efficiency. 



(3.141) 


Table 3.13: Approximate values !i« ventilator efficiencies (Crammer. 21X12). 


VoIwue flow rate 
ImVhl 

Ventilator efficiency 

i. i-i 

Motor efficiency 

'h.H 

Total efficiency 
>IH 

up to MX) 

0.4 - 0.5 

0.8 

0.32 - 0.4 

400 - KICK) 

0.6 - 0.7 

0.8 

0.48 - 0.56 

2000 - 5000 

0.7 - 0.8 

0.8 

0.56 0.61 


up to 0.85 

0.82 

up to 0.7 


The total pressure difference produced by live fan is used up in live connected duct 
system by duct friction and individual resistances. With parallel air strands, duct cross- 
sections and installations must be dimensioned in such a way that the pressure loss is as 
high as in the mam line. If this basic requirement of the calculation is not adhered to. the 
flow rates adjust in such a way on operation of the system that the requirement of equal 
pressure losses is fulfilled: duct systems are therefore self-regulating. This automatic 
modification of the flow rates has the consequence that in inaccurately calculated duct 
systems live design How rates do not flow in live individual parallel strands, and the 
modified total volume stream can lead to power modifications in central humidifiers, air 
heaters and the like. 

































4 Solar cooling 


To cover ihe air-conditioning and cooling requirement in buildings, both electrically and 
thermally driven cooling machines are available. Conventional refrigeration technology is 
dominated by compression coolers; about 100 million stationary compression systems are 
built annually world-wide (Reichclt. 2(XX)). plus about 35 million mobile systems. 
Absorption cooling devices of medium and large power are manufactured in comparatively 
small numbers, around 10 000 systems per year world-wide, of which 85*$ are produced in 
Asia; in Gemiany today about 100 systems are installed annually. Annual sales of cooling 
equipment in Europe during 1998 reached about 3 billion Euro, an increase of about 30% 
since 1996. In Greece for example, cooling machine sales during 2000 reached 117 Million 
Euro (210 (XX) compression type units). 

Solar technologies in buildings can supply photovoltaically (PV) produced electricity 
for compression coolers or solar-thennally produced heat for absorption or adsorption 
coolers. Coupling a photovoltaic generator to a compression cooler does not create special 
planning demands, since additional energy is always available from the electricity mains. 
Via the average summer electricity requirement for air-conditioning of an administrative 
buildings, for example 54) kWIVnf under German climatic conditions, the necessary surface 
area of live photovoltaic generator can be easily estimated; w ith an annual PV generation of 
around 120 IWhm'a in that climate, live cooling power requirement of 2.4 m* of office 
surface can be covered by one square metre of photovoltaic*. For 1000 nr of effective area. 
420 m* of PV surface is necessary for air-conditioning alone: in addition tlvcre are 
electricity requirements for lighting and equipment. Due to the very high capital outlays for 
photovoltaic systems, approximately 750 Om‘. this version of solar cooling is not common 
at present. Technologies for thermal cooling w ith low-temperature heat sources, which can 
use solar energy and also w aste beat, are economically more viable. 

The market is dominated by absorption refrigeration technologies with the chemical 
pairs water-lithium bromide (LiBr) or ammonia - water, which produce cold by a closed 
cyclic process. In Germany around I(XXI absorption refrigeration systems with a total 
cooling capacity of KXX) MW are installed, of w hich about half are in industrial companies 
using cheap waste heat. 

The evaporator temperature can be lowered in ammonia coolers to -WC. so industrial 
cooling processes are possible. When using water as a refrigerant, the evaporator 
temperature is limited to temperatures above the freezing point of at least 4-5"C. In 
absorption refrigeration technology the refrigerant I water or ammonia) is absorbed in a 
liquid solvent (l.iBr or water), desorbed by direct or indirect heating in a generator at high 
temperatures, and brought to the required condenser pressure. During absorption, solution 
heat is released, which must be removed via a cooling circuit. The drive temperatures for 
desorption are between 90 and I4() : C. depending on the technology. 

If ammonia is used as a refrigerant, a high vapour pressure of 4.85 * 10* Pa develops at 
evaporator temperatures of +5°C. To liquify the refrigerant at condenser temperatures of 
40°C. the ammonia pressure in the generator must be brought to about 15 * 10* Pa. i.c. 
ammonia absorption coolers must he constructed for high system pressures. 
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The refrigerant water, on the other hand, evaporate* at +5 : C with an extremely low 
vapour pressure of 872 Pa and condenses at -kIO'C at 7375 Pa. so a LiBr water absorption 
cooler must be vacuum-operated. While the construction requirements are clearly lower, 
with the small water vapour pressure extremely high flow rates must circulate, to produce 
the cooling output, and large cross-sections must be used to reduce pressure losses. In a 100 
kW cooler. 145 kg of w ater must be evaporated per hour, which at the low system pressure 
of under 1000 Pa corresponds to a flow rate of 21 300 mVh. I n contrast. 286 kg of ammonia 
would have to be evaporated for the same cooling output, which at the high evaporator 
pressure of about 5 * 10' Pa corresponds to a flow rate of only 80 m'/h. 

In adsorption technology the refrigerant water is physically adsorbed to a solid such as 
silica gel. with release of adsorption and condensation heat. With increasing accumulation 
of water molecules, the heat of adsorption tends towards zero, so only condensation heat 
has to be removed. The desorption of the accumulated water and the compression for 
condensation take place at low drive temperatures of 60-7(I : C. so this technology is 
particularly suited to the application of solar energy, l.ikewise. chilled water of at least 
5-6°C is produced by lire cyclic process in closed adsorption coolers. 

Open adsorption plants use live supply air directly as a cooling carrier. The physical 
adsorption of water by silica gel or LiCi serves to dry live air in this process. Thereafter, 
cooling takes place by direct evaporative humidification of live dried air. which has been 
pre-cooled with room exhaust air via a heat exchanger. The thermal driving energy is 
necessary for live regeneration of live adsorbent, i.e. for the desorption of live adsorbed 
water. With open adsorption, the process limits air temperatures to about 16*C minimum, 
so live area of application is air-conditioning. In this process too. the drive temperatures can 
he very low (6(>-70 ; C>. 


Coefficients of performance 

Single-stage absorption coolers produce about 0.6-0.7 kW of cold per kW of assigned 
amount of heat (coefficient of performance COP = 0.6-0.7). In water/lithium bromide 
absorption systems, two-stage generators with a high-temperature section are available on 
the market for direct natural gas healing and use of condensation heat for a low-temperature 
generator. In a two-stage process, the coefficient of performance rises to 1.1-1.3. With 
ammonia-water absorption coolers a two-stage process is not possible due to extremely 
high system pressures, so the performance figures remain limited to approximately 0.6. The 
coefficient of performance of closed adsorption coolers depends on the available coolant 
temperature and can also achieve values between 0.6-0.7. With open soiprion-supported 
air-conditioning, live state of the outside air intluenees the possible coefficient of 
performance. With dry outside air live air-conditioning system can be operated purely by 
evaporative cooling, so no thermal energy is necessary and the COP tends towards infinity. 
With very damp outside air. live drying potential of the sorption material is insufficient, and 
conventional cooling must be added. Typical coefficients of performance are between 0.5 
and 1 . 0 . 
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Table 4.1 Outline of solar-thermally powered cooling and air-conditioning processes 


Technology 

Absorption 
cooling with 
water 

lithiumbromid 

Absorption 
cooling with 
ammonia wafer 

drived cycle 
adsorption 
wafer silica gel 

Open cycle 
desiccant cooling 

RefriReran! 

HiO 

Nil, 

IbO 

• 

Sotite/U 

LiBr 

•1.-0 

silica gel 

silica gel 

Chilling carrier 

water 

Water glykol 

water 

air 

Chilling temperature 

6 - 2 <rc 

—60 9 up to 

*2<rc 

6 - 2 <rc 

I6-2(TC 

Hearing temperature 

so -1 lire 

100 14(FC 

55-iotrc 

55-1 arc 

Coding water 
temperature 

3O-50°C 

3O-50*C 

25 -35 r C 

not applicable 

Coding power range 

35-7000 kW 

10-10 0(0 k\V 

50 430 kW 

20 350 kW 

COP 1-1 

0.6-0.75 

0.60.7 

0.3-0.7 

03-1.0 

Approximate 
investment coxts per 
kW coding power 

550 €AW 
(200 i\V| 

1000 CAW- 
150 kW] 

800 CAW 
|2<)0 kW’| 

500 CAW 
(1000 kWJ 

5(H) 1000 C/kW 

£1000 CAW 


4.1 Open cycle desiccant cooling 

4.1.1 Introduction to the technology 

Desiccant cooling systems (DCS) arc a matuic technology foi air-conditioning buildings 
and ate particularly suitable fot the application of thermal solar energy, due to the loss 
temperature demands of around 60-80°C. 

The techmilogy is based on tire principle of outside air dehumidication by an adsorbent 
such as silica gel or lithium chloride. After pre-cooling, the dried fresh air with maximally 
humidified room exhaust air. subsequent evaporative cooling produces the desiicd supply 
air temperatures of 16- IX'C. Tire desiccant cooling process can be continuously operated 
with slowly rotating sorption wheels, where the outside air humidity taken up in the 
adsorbent is transferred to the exit air heated by supply of solar or waste heat. 

For process reasons, w ith open cycle sorption technology no chilling water circuit with 
the usual supply temperatures of 6-ICC can he obtained. The chilling carrier in open 
sorption is the moistened air. which is injected directly into the space. Due to live limited 
dehumidifying performance of the adsorbents used (about 6 g of water per kilogram of dry 
air) in very damp climate /.ones desiccant cooling systems must be coupled with 
compression or ahsoiption coolers, to avoid direct supply air humidification. 

Sorption systems are also used purely to dehumidify outside air. with the very energy- 
intensive fall below the dew point in a compression cooler not occurring. The removal of 
sensible heat in the space can then take place via suifacc cooling (usually cooled ceilings). 

As an air-led system with cooling load removal only by cooled outside air. the 
application is particularly suitable if there is a high fresh-air requirement in lire building. In 
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winter the sorption system with a sorption wheel and a heal exchanger can he used as a 
highly efficient heat recovery system, and the thermal solar plant can Ive used for heating 
support. 

Thermal solar energy or waste heat is used to heat regeneration an. In closed exhaust an 
discharge, the exhaust air is wanned up after the heat recovery device by the thermal 
collector, led through the sorption wheel after being heated, and expelled as waste air. 

Dir healer 



Figure 4.1: Open cycle desiccant cooling with closed exhausl air discharge. 

Duiing open exit air discharge the exhaust air is expelled alter the heat recovery device 
as waste air. In the collector, outside an is sucked in. wanned up to regeneration 
temperature and ex|selled aftei the sorption wheel. This version is usually selected for 
practical reasons, w hen either the space exhaust air is too strongly contaminated or the air 
circulation possibilities are spatially limited, since here an air pipe is saved from the 
cooling machine to the collector. However, the outside temperature, which is the input 
temperature into ilse collector, is lower than ilic temperature after the lieat recovery device 
so that more heating energy is required. 



Figure 4.2: Ojvn cycle desiccant coaling with open exhausl air dochaige 

The process steps in the sorption wheel, lieat recovery device, inlet air and exhaust air 
humidifier, and also the regeneration air heater can he undeistood through the enthalpy - 
humidity or Mollier diagram. 
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Figure 4.3: Process flcps of dcsiccanl cooling syMcnts in Ihc enthalpy absolute humidity (h-x) 
diagram. 

Outside an (I) Is dried in iho sorption wheel (2), pre-cooled in ilte Iseai recovery device 
wiili die additionally humidified cool space exhaust air (3) and afterwards brought to the 
desired supply air status by evaporative cooling (41. The space exhaust ait <5i is maximally 
humidified by evaporative cooling (6) aivd warmed in the beat recovery device by the dry 
supply air 17>. In the regeneration air heater the exhaust air is (nought to the necessary 
regeneration temperetme (8). takes up in d*e sorption wheel the wuter adsorlied on the 
supply-air side, and is expelled as warm, humid exhaust ail 19). Typical temperature and 
humidity conditions at design condition of 32 C outside temperature and 4(1'.! relative 
humidity ore shown in iho system scheme 

air healer 



Figure 4.4: Temperature and humldilv condliinns in a desiccant cooling system. 
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4.1.2 Coupling with solar thermal collec tors 

Due to the low regeneration air temperatures for dehumiditying the sorption wheel, solar 
thermal collectors are particularly suitable for this air-conditioning technique. Both with 
air-led and water-based flat plate collectors, temperatures of 70"C can easily be achieved. 
Air collectors can be integrated simply and on large surfaces into the building shell, since 
leakages are unproblematic and no frost protection is necessary. Solar air collectors are 
flowed through directly with outside air or with pre-heated exhaust air after the heat 
recovery device, and heated to the required regeneration temperature. Fluctuations m the 
regeneration air temperature due to changing solar irradiation are balanced by an auxiliary 
heating system or by live storage masses of live air-conditioned space. 

With the use of water-led thermal collectors, live solar heat is transferred via an air-to- 
water heat exchanger to the exhaust air. Apart from direct heating of the exhaust air. buffer 
stores are used here to store the solar heat. At a required air outlet temperature of 70°C (i.e. 
around 40C temperature difference from the surroundings in the summer), efficiencies of 
approximately 60% are achieved with air collectors at full irradiancc (1000 W/m‘>: with 
selectively coated absorbers even 70%. Here the air collectors are flowed through at 
surface-related flow rates of 35-40 m Vm'h. 

Water-led collectors, which today almost exclusively use selectively coated absorbers, 
need around 5-I0K higher fluid outlet temperatures to achieve the same regeneration 
temperature of 7(( : C by means of live air-water heat exchanger. The efficiency of a flat 
plate collector is comparable at these temperatures to that of an air collector. 

From these efficiencies and typical coefficients of performance of a desiccant cooling 
system of 0.9. the minimum collector area requirement can be estimated. At full irradiance 
around 600 W/nr of usable collector energy and thus 540 W/nr of cooling output are 
produced. A minimum of 1.85 m* of collector surface is necessary per kW of cooling 
output. With a kilowatt of cooling output, some 20 nr of office surface can be air- 
conditioned m a typical administrative building, with 50 W/m* cooling load occurring. 

To produce the necessary regeneration heat, combinations of back-ventilated 
photovoltaic facades and solar air collectors can also be used. Such energy facades supply 
about 80 kWh/nr of electricity annually, apart from thermal energy. 

4.1.3 Costs 

In general, investment in live cooling machine of an air-conditioning system is only about 
30% of the total cost. In cost comparisons between compression coolers and sorption- 
supported air-conditioning systems, therefore, live pure device costs may not be compared, 
since in the air-led sorption system dehumidifying. humidifying and heat recovery 
functions as well as supply and exhaust air fans are already integrated. The DCS device 
costs can be divided into thirds, for components, machine construction costs and control. 

In a cost allocation for a system designed with 100 nr of solar air collectors and an air 
capacity of 18 IKK) m’/h with total costs of 185 000C. it can be seen that even today the 
DCS device costs dominate the total price. 
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Fiuurc 4 Jr Cos! allorahun of a solar powered desieeant axil mu air conditurning system (IS 000 
m 'h| lor a production lull in Althcngtfctt. Germany (Eickcr ttal. 2002k 


4.1.4 Physical and technological bases of sorption-supported air-conditioning 

4.1.4.1 Technology of sorption wheels 

Continuously operating adsorption air dehumidificts are slowly rotating. hygroscopic 
storage masses which are flowed thiough on one side by outside air and on the other by 
heated regeneration air. As solid sorption materials, silica gel and hygroscopic salts such as 
lithium chloride are commonly used. They ate applied in continuously operating systems to 
a rotating substrate or used as fixed bed systems for intermittent operation. As a substrate 
for silica gel rotors, glass or ceramic fibres are used. lot LiCI a cellulose matrix. Typical 
dehumidifying performances at regeneration temperatures of 70°C are around 4-6 g/lg of 
dry ait (Heinrich. 1997: Eicker n at.. 2002). 

To obtain optimal dehumidifying performance. live number of revolutions of the 
sorption wheel must be adapted to the regeneration air temperature and to the respective 
humidity conditions. Too high legcncration temperatures waim up Use rotary sorption 
wheel aftei desorption so strongly that the sorption material at first can hardly take up 
moisture on the supply-air side, but has to be cooled down fret tso-called heat inhibition). 

The separation between regeneration air and outside aii is ensured by sealing strip., 
which leave a minimal gap between the seal and the sorption rotor. Maximum leakage rates 
between process and regeneration air should he under 3%. Such values have been measured 
even for small rotors of I m diameter. Pressute drops should not be above 150 Pa. By 
diverting a small section of dried outside air into tire regeneration art flow, the typically 
3-55S- of exhaust aii remaining in tire storage mass is reduced by flushing to 0.5*&. and m 
addition heat inhibition is reduced by cooling of tl»c storage mass. 
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Figure 4.6: Schematic representation of :i sorption rotor with Hushing rone 


Foi winter operation the sorption wheel is adjusted front dehumidifying operation with 
10-15 revolutions per hour to enthalpy recuperation with revolutions of 10 min' 1 . 


4.1.4.2 Air-status calculations 

When calculating the sorption process, the temperature and humidity conditions have to he 
determined for each process step. For this, the functional relations between absolute u) and 
relative Op) humidity, temperature T and total pressure p have to be determined: 1 ) or 

?*.«. 7». For the energy balances, the enthalpies A(.i. T), i.e. the amounts of heat at constant 
ptessuie />. are balanced. The water vapour content of live air describes live mass ratio of the 
water vapour nr. to live dry air in.,. 



(4.1) 


To calculate the adsorption process, a new temperature and relative humidity must be 
calculated for each value of the absolute humidity and enthalpy, live relative humidity <p 
being defined as the ratio of the water vapour partial pressure p, |Pa| to live temperature- 
dependent saturation vapour pressure p,<T\ (Pa). 



(4.21 


If water vapour with pressure />„ and dry air with pressure />., are tegaided as ideal gases, 
following Dalton’s law the partial pressures add up to the total pressuie 


(4-3) 


P = 
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By the ideal gas equations, the water vapour content of the air can then be calculated as 
a function of the total pressure as w ell as of the water vapour paitial pressure. 


p.v=^-rt 

A/ w 


i>y={r-,K.)y=~RT 


<•*.41 


From this. results can be found for the absolute water eontent of the air with the mol 
mass of water vapour A/. = IS x 10"' kg/mol and the mean mol mass of air M a = 
28.97 x 10*'kg/mol: 


, = fL- , 0.622——— = 0.622 *?■ fel (4.5) 

", w . p-p, p-p. P~9P. 

Conversely, the relative humidity 9 ean he calculated as a function of the saturation water 
vapour pressure, the total pressure and the absolute water vapour content (in kg of water 
vapour/kg dry air): 


9 -;— l*.OI 

Y x +0.622 />'(T) 

The temperature-dependent saturation vapour pressure of water p,(T\ is calculated by 
the Clausius-Clapeyron equation, which describes the equtlibrium between liquid and 
vapour. 


_ K (7-» 
p, RT 


|4.7) 


The solution depends on the selected approximation fix lire temperature dependence of 
the evaporation enthalpy liAT- This describes the enthalpy difference of vapour h, and 
liquid h,. 


<4.8) 

The decrease in evaporation enthalpy ItAD |kJ/kg| w ith temperature T |°C| results from 
the following approximation equations (GlUck. 1991): 

(T) - 2501.482 +1.789736 T +8.957546x I0 - * 7 J -1.300254 X 10"' T' (4.9) 
*V(7)»-2.25x 10" 2 + 4.2063437 T -6.014696x10^7’ +4.38I537X I0" 4 T I (4.10) 
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For ihc temperature range 10" < T < 2Q0°C. the etrot in this approximation is less than 
0.04#. The saturation water vapour pressure is then appioximated for live range 0“C < T < 
IOO C. With an error of under 0.02# IT in (C)./> in {Pal): 


p, (r )»611 exp 


-1.91275 x 10“ + 7.258x 10-' T - 2.939 x 10 ~'T : 


e 


84lxlO'’7'-1.92xlO _ *r' 


1 


(411» 


The density of the humid air p depends on the total pressure /> I Pa), the water vapour 
pressure/>„ (Pa) and the temperature T |K|: 

,.^.,^-, 3 ^) [*] 

The enthalpy of the air-vapour mixture h |kJ/kg) is composed of the sensible heat of the 
dry air <\J and the water vapour xcJT. and of the evaporation enthalpy of the water xlijT). 
The temperature-dependent evaporation enthalpy based on Equation 14.9) usually eleatly 
dominates tire enthalpy total. 

*-*,+**„ =k+.«r-.)r + .«A (r) (4.13) 


with 

heat capacity of water vapour c, 1.875 kJ/kg K 

heat capacity of dry air 1.0(M kJ/kg K 


4.1.4.3 Dehumidifvlng pote ntial of sorption materials 

The water vapour uptake and release by the sorption material are desciibed by the 
corresponding sorption isothermal. At low temperatures, hygroscopic sorption materials 
take up high water-vapour quantities even at low water-vapour paitial pressure of air 
flowing through. The highest dehumidifying rates at low outside humidity are achieved 
with zeolites, which require regeneration temperatures of 150-200°C and are thus not 
suitable for solar operation. More crucial for sorptive air-conditioning is live water v apour 
uptake at medium to high humidities of live outside air. at which silica gel can take up 0 . 2 - 
0.3 kg per kilogram of water vapour (maximum loading is aiound 0.5 kg/kg I. The water 
vapour uptake of cellulose material soaked in lithium chloride depends strongly on the 
degree of soaking and can achieve higher values than silica gel. 

At high temperatures, water vapour iceeptiveness decreases, and regeneration of the 
sorption material takes place. 
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Figure 4.7: <a> Measured concvnlnlion of water adwrtitfil an silica gel (sorption isnthcnrall as a 
function of water vapour pressure within au (Henning. 20011. 



Figure 4.7: (b) Calculated sorption uni hermits of silica gel as a function of water vapour pressure 


If the load is represented as a function of relative humidify, i.e. a coordinate 
transformation of the v-axis is earned s«ut. tlic sotptinn ivothetins alnwist eoinenk. High 
water vapour paniul ptessuie at high temperatures corresponds to a low relative humidity 
and the load is small. Low partial pressure at a low temperature corresponds to a high 
relative humidity and the associated high load value shifts to the right. 

Even at a very low relative humidity of approximately 5%. the minimum load is abuui 
0.1 kg of water per kilogram of silica gel. This minimum load value is determined by the 
relative humidity of the regeneration air. and the outside air to be dried cannot fall below it. 

Assuming that in a simple dehumidifying model the sorption isothetms coincide, 
represented a> a (unction of the relative humidity, the outside air humidity at a given 
loading value cun he lowered to a minimum of the regeneration aii humidity. An exact 
knowledge of the functional process of the soiption isotherms is liven not necessary . 
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Figure 4.8: Matured sorption isothemts as a fuuclion of the relative hunudily i Henning. 2001). 

Fur the final suit of ihe diied air in ihc simple model the relative humidity, i.c. ihc 
regeneration humidity. is known-as well as iho enilulpy (enthalpy of the outside air with 
istiulialpie dchumidi filiation). Although both depend on tempciature and absolute 
humidity, the equations cannot be solved analytically and tlie final state must be iterated. 
For this the absolute water vapour content of the outside air is reduced until the final 
state corresponds to the given humidity condition of the regeneration air. As a check, the 
new temperature and relative humidity values are determined alter each dchumuiifying 
step, until supply ail humidity and regeneration humidity concspond. 

Since in the totaling sorption wheel no stalionaiy status occurs, and the soiption 
isotherms do not coincide exactly, this minimum value of the supply air humidity with a 
vapour content is not achieved m practice. Non-ideal dehumidifying at an effective 

supply an humidity value x *,*' is covered by the dehumidifying efficiency ij* 


On 








(4.141 


Apart from dehumidify ing efficiency, dev iations of the sorption wheel parameters from 
the nominal conditions can also be covered by correction factors. Detailed investigations of 
collection factors of LjCI sorption uxors have been earned out by Heintich <1999). Hie 
most impoitunt infiuenee parameters for dehumidifying behavioui are rotor speed, air speed 
and the flow rate ratio between the regeneration ait and outside air. For rotor speeds under 
the rated speed of n = 22 h“\ the dehumidifying performance falls constantly to 
apptoximatcly 8()'» at n = 7 h* 1 (correction factor c,). A reduction of the ait flow velocity 
tat the same flow rate ratio) from a nominal rate of v = 2.5 m/s to 1.5 m/s leads to an 
increase in dehumidifying performance of up in 15‘? (correction c-). If only the 
regeneration air speed is lowered at ptueexsing-air nominal speed, the dehumidifying 
performance likewise rises by up to 2O0F (with flow tale reduction to 6(Kk) (correction i,|. 
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Measurements on different sorption technologies <LiCl and silica gel) showed that the 
optimum rotation speed of the soiption wheel is dependent on the technology. A titanium 
silicate rotor has its optimal dehumification at higher rotation speeds of 80-100 rotations 
pei hour, whereas the LiCI rotor is best at low rotation rates of about 20 h" 1 . 



figure 4.9: Comparison of dcluimidititration rate* ax a function of sorption wheel rotation speed 
(Eider, 2002). 


Taking these corrections into account, the icsult is the effective supply-air water 
content W": 




*,(*, 


kUi 

An 



15 > 


It is generally recommended, theiefoie. to use sorption rotors with as large cross- 
sectional areas as possible, so that at a given flow tate the flow speeds temain small and 
dehumidifying performance becomes high. 

4.1.4.4 Calculation of the sor ption isotherms and isosteres of silica gel 

For a more exact view of the sorption behaviour, fust calculate the load concentration C of 
the sorption matetial as a function of like relative humiditv for a constant temperature: 

a—-/■(«*>■ 

In the Brunauer-Emmett-Teller theory the water vapour receptiveness of silica gel is 
described by accumulation of water vapour in multi-molecular layers. For the 40“C 
isotherm, the following approximation for live load concentration C,, is given by Kast 
(1988): 


C <p 2(ft-l)p+2(ft-l)' +(tfft J +.VA-jVV )p“... 

C m ~ I-? 2<l + 2(ft-l)$>*(ft-l) : + (ft : +h-2/>-Xh : )<p'.... 

... + (2 A + NfV + 2 A/ft - 2ft : - Nb ! -2ft-2Vft) 9 '*' + ( ,VA + 2h)<p' 
...+(,VA ; + 2A-2A ; -2/1)9"' 


14.16) 
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Willi like coefficients C. = O.I I. />= II, N= 7.2. It = 19000 for the combination silica gel- 
water. Tl>e equation is valid up to a maximum load of <?„„ = 0.4 kg/kg. 

The conversion of the sorption isotherms to other temperatures is made by analysing the 
vapour pressure over the sorbens at a given load concentration C. If the adsorption process 
is regarded as a phase transition, the vapoui pressure above the sorption mateiial and from 
this the iclativc humidity can be calculated front the Clausius-Clapeyron equation, which 
normally describes the equilibrium between vapour pressure and fluid in a one-phase 
system as a function of the temperature. 

The adsoiption heat as a total of binding enthalpy ( It,.) and evaporation enthalpy (A.) 
corresponds here to the enthalpy difference between vapour and fluid in the one-phase 
system. The binding enthalpy decreases with tising load concentration C: the. evaporation 
heat of the water falls with rising temperature. 

Mc,r)«A,(c) + A.(r) (4.i?) 


The adsorption heat and the binding treat as a difference of evaporation treat and 
adsorption heat can be approximated, following Otten (I989>. by quadratic functions of the 
load concentration. Up to a load concentration of C = 0.1934 kg/kg. these equations are 
valid; 


4* =*,+A,= h. (l + aC+/»C : ) 


(4.181 


with the constants a = -2.34. b = 6.05 and /(„ =3172 kJVkg for silica gel. The evaporation 
enthalpy It, of water is selected for the calculation of the binding enthalpy as a constant 
with 2453 kJ/kg (20°C). Above a load concentration of C = 0.1934 kg/kg. the binding 
enthalpy is set at l> = 0 and the adsorption enthalpy is equal to the evaporation enthalpy h,. 
At C = 0. i.e. perfectly dry material, tire binding enthalpy is 719 Id/kg. 

Other authors (Henning. 1994. Gassel. 19981 have pimlueed approximation foimulae 
with clearly higher binding enthalpies, which at zero loading lie between 1000 and 2000 
kJ/kg. According to Gassel the binding enthalpy can be calculated w ith tire simple linear 

equation h. = I0001_-£ - x4000— 
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figure 4.10: Binding enthalpy of water vapour to silica gel as a linear or quadratic function of the 
load concentration C. 


Only at high load concentrations and binding enthalpy of zero is the change in status of 
air isenthalpie. At a low concentration, heating of the outside air is grcatci. due to the 
dehumidifying process through the uptake of the binding heal, than in a purely isenthalpie 
change in status. 

For water vapour partial pressure />* over the soibens. the following equation is valid, 
based on Clausius-Clapey ron: 


4 ». (<'-0 „ ( C T ) 

tlT ~ RT ! d(\!T) R" 


< 4 -' 9 > 


with R. = 461 J/kgK as ihc specific gas constant of water vapour. 

If the vapour pressuie/>, is plotted logarithmically against the inverse temperature t/l. 
then the heat of adsorption for a given load concentration results from the gradient. The 
load-dependent vapour pressure curves are called isostcees (C = const). The smaller the 
load concentration of the silica gel. the lower is the vapour pressure over the sorhens at a 
given temperature. For the eompletely saturated sorbens the binding enthalpy is zero and 
the well-known Clausius equation for the saturation vapour pressure of water is obtained as 
a function of the temperature. 


,/r R'T 21 ' 


(4.201 


The integration of live Clausius equation over a temperature range T\ to T; enables the 
calculation of the isosteres. if the pressure ;>, at temperature T, is know n. To simplify the 
integral, live adsorption enthalpy is assumed to be temperature-independent. 
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From the well-know n 4() : C isotherms, the vapour pressure />„, can he determined as the 
still unknown parameter of the isosteres equation for each load concentration. For a given 
load concentration C> tl>c relative humidity <p, of the 40°C isotherms ti.e. T, = 313 K) is 
determined iteratively from equation (4.16). From the relative humidity, the vapour 
pressure/>„, can then he calculated to p = <p u xp (40°C). For the load concentration C = 
the constants of the vapour pressure equation p ,, and T, are then known. 


Example 4.1 

Calculation of the isoslcrc paranKtcrs of water vapour over siliea gel at a load concentration of 
C-O.l kg kg. 

For C-0.1 kg kg the adsorption lical is h„, - 2622 kJ ’kg. The relative humidity resulting in C, - 0.1 
kg'kg al 40'C is 18.75%. 

From it the vapour pressure p_, =^,Xp.(40*C)=0.1875x73S4/’ir = 13S4.5/'a results, so the 
complete isostcrc can be calculated with the following equation: 


/>. =l3S4.5exp 



The two Clausius equations for pure water and water-silica gel arc divided by each 
other at the same temperature T. so that from the relation of the vapour pressure />„ to the 
saturation vapour pressure/>,. the relative humidity and finally the functional connection of 
relative humidity and load concentration can be determined. 



Equation (4.22i is integrated 



14.22) 


/' 
P. D 


(4.23) 
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aiui solved for the rotative humidity ip 


•vh 




//, 0 p T“ 

9 a-^— = coasi p.TTn 

ii .1“ ”• 




This equation provides the sought connection of the soiption isotherms between relative 
huiiudity, temperature (via the saturation vapour pressure /».I and load concentration C (via 
the binding enthalpy A*). 

With the same loading, i.e. the same binding enthalpy /i„. convention is thus possible 
from a single known .sorption isotherm (with temperature 71,1 to oilier temperatures. For 
simplification the evaporation heat is set tempcruture-indcpendcntly. 


*<c.) . v<< 


(•J.25I 


For each relative humidity of the known 40 C sorption isotherm Gitfli) from 
Equation (4.16). the associated relative humidity 9 at temperature T can be determined. 
This corresponds to the load concentration C = C„ and the value pan (C. 9 ) is obtained. 


9 = 9 



<•4-361 



Figure J. 11 Sorptmn isotherms as a funclian of the relative humidity for temperatures between I 0 °C 
and 90'C. calculated Cram the known 4ITC biwhcrm 


As soon as the binding enthalpy becomes zero. i.e. for load concentrations greater than 
0.1934 kg/kg. all isotherms coincide exactly. 

In practice the problem is mostly that for a given humidity 9 . the associated load 
concentration C must be determined. Thus for example the regeneration humidity 9 ., gives 
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the minimum load concentration 10 which ihc outside air can finally be dehumidified. To 
determine this concentration. Equation (4.26) must now he solved for the relative humidity 
for which the load concentration C 0 is known from the 40°C isotherm. 


(4.27) 


Since live load concentration Co depends on $>. an implicit equation is obtained, w hich must 
be solved iteratively. After the end of the iteration the load concentration C = C„ is known, 
which results from the given relative humidity q*and temperature T. 



Figure 4.12: Determination of the load concentration C for a given humidity <p over the known 
m upturn isothenn at 4(I‘G. by determining the relative humidity ft, at the same load Co “ C. 

Thus w ith tire extended model the relative humidity tp,., of the regeneration ait is given 
for the determination of live dehumidifying performance of a sorption rotor. Via the 
iterative method from Equation (4.27) the load concentration C,„ of the regenerated 
sorption material is determined. If outside air is now gradually dehumidified, the 
associated load concentration is determined for each new temperature and relative humidity 
<p.v. of the dried outside air after the dehumidifying step, until C*, is equal to C„,. 



4.1.4.5 Calculation of the dehumidifying performance of a sorption rotor 

The climatic boundary conditions chosen for an example system calculation coirespond to 
Gemian standards and are 32°C outside air temperature. 4O0v relative humidity or 12 g/kg 
of water vapout. at a total pressure of 1.013 x 10'Pa. In live following the air statuses of the 
dried outside air are to be calculated, when regeneration air is at 70"C and contains 14 g/kg 
of water vapour. First the relative humidity <p of the regeneration air is calculated at 70"C 
using Equation (4.6) with the saturation vapour pressure p, from Equation (4.11). which 
detcmiines the minimum relative humidity of the supply air to be dehumidified. 
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The enthalpy of the regeneration air based on Equation (4.131 with the evaporation 
enthalpy based on equation (4.8) is given by: 

h , = (1.004-±L+ 14x10-’Mx 1.875 — P0°C+ 14x10"’^x2334 — = 104.8 — 

' ^ kgK kg kgK j kg kg kg 

The value is not requited for the calculation of the supply air status. 

The enthalpy of the outside air determines the temperature of the air after 
dehumidifying. when the process is isenthalpic. 

h,Jl .004 —* 12x 10"' —x 1.875 —— j>2°C ♦ 12 x 10"' —x 2425 — = 62— 

( kgK kg kgK ) kg kg kg 

The iterative calculation of the outside air drying process is solved with fast 
convergence with the Regula falsi algorithm. In this, the initial water content x„,u of the 
outside air itclative humidity in the first iteration step is reduced by say 50%. and the 
temperature ?, and new relative humidity tp are calculated via the given constant enthalpy 
at the new water content a|. At live above outside ail status of 32"C. 12 g/kg of vapour 
content, dehumidification is 6 g/kg in live fust step. The temperature of the dried outside air 
is calculated using equation (4.13) at 46.7°C. Via live saturation vapour pressure of p, = 
10445 Pa. based on equation <4.11). live relative humidity at 6 g/kg vapour content based 
on Equation (4.6) is obtained as 9.3% . The evaporation enthalpy is kept constant during 
iteration. The relative humidity <pi is above live regeneration humidity of 7Cv. so fuithcr 
dehumidification is necessary. 

To determine the next water contentthe ratio of the humidity difference <p 0 -<p to 
the water-content difference « i0 - a of the fust dehumidify ing step (i.e. the gradient of the 
humidity function) is equated to the ratio of the humidity difference between live outside air 
and regeneration air to live water-content difference x„ „ - x,. The new water 

content x. is thus equated approximately to the absolute humidity of the final state. 


*>,0 



(4.28) 


This results in the new water content of the next iteration .«•. 
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The following is generally valid 






9 .- 2 - 9 .-, 


(•>-30) 


For the new water content a. = 555 g/kg. the new tclativc humidity q> = 0.081 is 
obtained via the new temperature = 47.KC. it is still over the limiting regeneration 
humidity ft... As the next water content. x< is obtained. 

6xlO-'M-5.55xlO-'M 

=5.55x10'' --(0.081—0.07)---^- = 5.14x10'' — 

kg 0.093-0.081 kg 

The water content Jt, of 5.14 g/kg correspond* to a relative humidity or 7.1% at an outlet 
tempeiaturc of 48.8 C. i.e. in the second iteration the humidity of the regeneration air state 
is almost achieved. 



Figure 4.13: Relative humidity as a function of abuilule humidity with conslanl enthalpy of Ihc 
outside air of 62 LI kg for Ihc calculation ufdcbumidifymg. 
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The value of like regeikeraiion relative humidity is fixed at 7% and gives the final state 
of the outside air to be dried. For better illustration of the Regula Falsi algorithm, in the 
first dehumidifying step only 3 g/kg has been dehumidified. Nevertheless in the seeond 
iteration the final humidity is almost achieved. The final value of the iteration is i_ = 
5.lg/kg. i.e. of the initial value .«„= 12 g/kg. the outside air has been dehumidified by 6.9 
g/kg. Tl»e non-ideal dehumidifying is now considered by means of the dehumidification 
efficiency, which is vet at 80%. Using Equation (4.14) the residual moisture is then 6.5 g/kg 
and the associated temperature of the dried outside air is 45.5"C. The associated relative 
humidity is 10.6%. 

The status of the regeneration air after water vapour take-up in the sorption wheel can 
be calculated similarly. Tike total humidity taken up by the silica gel. ideally 6.9 g/kg (non- 
ideally 5.5 g/kg). is now given off with isenthalpie humidification of the regeneration air. 
The absolute humidity rises from 14 g/kg to 20.9 g/kg (or 19.5 g/kg». 

Temperature of the damp exhaust air: 53.7°C (56.9°C> 

Relative humidity: 22% (17.9%) 

4.1.5 The technology of heat recovery’ 

In sorption-supponed air-conditioning systems, predominantly regenerative rotary heat 
recovery devices are used. These achieve, depending on the incident-flow velocity, good 
heat recovery efficiencies between 70 and 90%. As a heal accumulator, corrugated 
aluminium plate is often used, wound into heat exchanger wheels of up to 5m diameter. 
Volume flow rates are between 1000 and 150 000 m’/h. with pressure losses of 50 to 200 
Pa. In partial-load operation the heat recovery efficiency rives due to the reduced incident- 
flow velocities, i.e. slightly oversized heat exchangers lead to better system efficiencies. 
The rotation rate of the heat recovery wheels is between 5 and 15 revolutions per minute, 
though an increase in the storage mass stream leads to an improvement of the heat recov er) 
efficiency. 

The hygroscopic sorption wheels are likewise used in winter for heat recovery and 
achieve, with a corresponding increase in the figure of revolutions, similar heat recovery 
efficiencies to the non-hygroscopically coated storage masses. At typical air incident-flow 
velocities of 3ni/s and a supply-air to exhaust-air ratio of I. heat recovery efficiencies 
between 75% and 85% are achieved, depending on the depth of the sorption rotor. Since the 
model for tike rotary regenerative heat-transfer agent is based on a cross-flow heat 
exchanger, tike calculation is executed fist for recuperators (partitioned wall heat 
exchangers). 


4.1.5.1 Recuperators 

In a recuperator, heat is transferred from the watmei fiuid (with mavs flow oi, and thermal 
capacity c,) conveetively. with a heat transmission coefficient of h,,. to the partition and 
after thermal conduction by tike paitition material conveetively with h, : to the colder fiuid 
(with mass flow rh. and thermal capacity Cj). 

For a high transmission rate of a heat exchanger, as high a heat transition coefficient It 
as possible is necessary. Tike heat transition coefficient is dominated by the convective 
transition resistances. The tlkermal resistance R=slA of tike plate material (with plate 
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thickness i |m) jimI heal conductivity of the plate X |\V/mKJ) is noimally negligible. The 
heat transfer coefficient of a recuperator with an even partition surface is given by 



(4.31) 


The propottion of the radiation to the heat transfer is negligible due to the virtually identical 
temperatures of the individual paitition surfaces. 

The heat transfer coefficient by convection h, is determined in practice by model tests. 
These test results can then be transferred to other geometrically and hydrodynamieally 
similar heat transfer conditions. 


A 


Nu(Re.Pr)A 

L 


(4.321 


Nu: NuBelt number |-J 

X: lieat conductivity of the fluid [W/mK| 

The characteristic length l depends on the respective geometiy of the heat exchanger. The 
most important NuBelt correlations as a function of the Reynolds and Prumltl numbers (Re. 
Pr). of the overall length of the heat-transferring gap/tube/channel /. and of the 
characteristic length L are summarised in Table 4.2. The calculation of the material 
properties of air as well as of live Reynolds and Piandtl numhcis can be found in Chapter 
3.2 (solar air collectors). 


Table 4.2: Relevant NuBelt eorrclations for heat exchanger calculations. 


Geometry 

Flow' 
eoru.fi tn»\ 

NufifU correlasion 

CJiaracteris- 
lie length 

Reference 

gap' 

channel 

laminar 

tRc < 23(H)) 


/.-2A 

At Amouri, 
1994 

turbulent 

tRc > 8<XM)> 



1959 

lube 

laminar 

(Rc < 2320) 


L-J. 

Her hi g fi 
of. IWT 

turbulent 

(Re > 2320) 

-•.Iltifb*- lis).h' : |i.^ijj 

L-J 

1959 


h: distance between heal transferring surfaces Igapi'chamncl) 

4.vr. : bcc area for (low 

C: circumference 

d t : inode diameler of I he pipe 























Solar txmling 


145 


The amount of heat Q given off by the warmer fluid is taken up completely by the eoldei 
fluid flow. ignoring heat losses to like external environment, and is calculated from the heat 
transfer rate of the heat exchanger. This results from the product of the two-dimensional 
elements JA. the heat transfer coefficient U. and like locally varying temperature difference 
T,-T ; between the two fluid flows. 


Q = jux{T, ( x,y)-T : (x.y))JA -dp, [T im - (4.33) 

Normally only the inlet temperatures of the warm and cold fluids into the I seat exchanger 
are known, for example in the sorption system the temperature of the warm dried supply air 
<r,J and the temperature of the colder space exhaust air f 7\ m ). To calculate the transferred 
heat as a function of the inlet temperatures, the heat recovery efficiency is introduced, 
which is also known as an operational characteristic and is defined as the ratio of actually 
transferred power to maximum transferred power. 

0=*a (r„, - r : „ )®=*«• (t ia - )=m.c, [r Uu - r : „) 

*A{T, M -T, m ) _ m : c 2 (r ! m/ -T.„) (4.34) 


Only at identical thermal capacity streams of the two sides m e, *m,c, are the two 
temperature difference ratios (defined by the heat recovciy efficiency! the same. 

(r l ,.-r !(1 ) 

The heat recovery efficiencies of the most important recuperators (same-, counter- and 
crossflow heat exchangers) depend functionally on the ratio of heat transfer performance 
UA and thermal capacity stream C = «. . which are called jVTY/ (number of transfer units). 




(4.36! 


The heat recovery efficiency for a counter-current heat exchanger w ith the thermal capacity 
stream C, < C : is given by Bosnjakovic (1951!: 



(4.37! 
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At identical mass flows on the warm and cold sides, the heat recover efficiency is at most 
0 .8. with a high ratio of transmission rate UA to thermal capacity stream (> 4). The heat 
recovery efficiency for C\ = C 2 is 


UA 

The ape rational characteristic improves with unequal thermal capacity streams. 
Direct current heal exchanger: 



t-J.391 


In crossflow heat exchangers live directions of flow of the two fluids i\m perpendicular to 
each other. The heat recovery efficiency is obtained by an infinite series which depends on 
L'A/C. 


Pure cross-current plate heal exchanger < C < C : ): 


14.40) 


In the infinite seiies it is sufficient to calculate the terms n = 0 to n = 5. 

A pute crossflow heat exchanger is defined by the fact that no lateral mixing of the 
individual fluid lines is possible, and occurs in practice with heat exchangers whose heat- 
tiansfeinng surface consists of flat or conugated plates (plate-type lieat exchangers). 
Typical gap widths for a plate-type heat exchanger arc between 5-11) mm. 

If in a lube lieat exchanger the fluid in the pipes is flowed around peipendicularly by 
another fluid over the whole cross-section, a mixing of the fluid lines of the outside fluid 
can occur transvente to the direction of flow, and a so-called one-side agitated crossflow 
heat exchanger is tlie result. The larger the number of the tubing rows, tlie stronger is the 
approximation to the pure cross current. 

One side agitated cross current: shell and tube heal exchanger: 

Cuirent Cj remains unmixed, current C. is agitated (with ) 
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Cuirent C 2 remains unmixed, current C x is agitated: 

* -I-cxpf-§Lfl- 




14 . 41 » 


(4.42) 


Example 4.2 

Calculation of the heat recovery efficiency of a counter*current plate-type heat exchanger for a 
sorption system with 20 (KM) m' h of both supply air and exhaust air flow rate. 


11 = 

Geometry 

1.5 

|m| 

B = 

1.5 

|m| 

1 = 

1.5 

|m| 

n = 

250 

I-] 

*n = 

0.0002 

|m| 


229 

|W/mK| 


Height of recuperator 

Width of recuperator 

Length of channel 

Number of plates 

Thickness of individual plates 

Heat conductivity of plate material 



Gap width (distance between individual plate si 
Free cross section of recuperator (one direction) 
Area of individual plates (length x width) 

Itcc flow cross section (one channel) 

Hydraulic diameter 

Characteristic length 

Heat Irjnsfemng surface area 


VAa 
T = 


Warm air: 

Cold air: 



5.56 

5.56 

|mVs| 

Volume flow 

45.50 

20(H) 

m 

Temperature 


= 00258 0.0251 

p„ = 1.0933 1.1884 

c M ,= 1008.3 1007.0 

1.76E05 I.S2EQ5 



|W/m K| 

Heat conductivity air 


Density air 

|J/kg K| 

I leat capacity air 

MM 

kinematic viscosity air 

M*1 

Mean gap velocity 
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Pr = 
Re - 
Nu = 



Pr until I number 
Reynold numkr 
NulScll number 


bc = 
U = 



Connective heat transfer coefficient 
I leal transfer coefficient 


C,= 6128.87 (W/K| Smaller heat capacityflow 

C, = 665.1.58 |\V/K| Larger heal capacity flow 



Heal recovery efficiency 



4.1.5.2 Regenerative heal exchangers 

The degree of Inal transfer of a regenerative heal exchanger depends on ihe incident-flow 
velocity v, of ihe air and on ihe number of revolutions n of tin wheel. As with the 
recuperators, the heat recovery efficiency increases with the rising ratio UA/C . i.e. at a 
given transfer rate w ith a falling incident-flow velocity. 

The concept for a rotary heat exchanger is based on tin heat transfer of crossflow heat 
exchangers. In this, the storage mass is simulated as a plate flowed around on both sides by 
air and moving perpendicularly to tin air flow direction, thus cross-current. After heat 
uptake in the warm phase, the storage mass of the wheel moves into the cool air section and 
gives off tin heat taken up. With this model, the steady-state temperature gradient is 
obtained iteratively. Tin heat recovery efficiency improves, the greater tin stoiage mass 
stream, i.e. the number of revolutions of tin w heel. 

For calculating the local temperature gradients in the regenerator and the outlet 
temperatures of the air. an imaginary partition is introduced between the air flow and the 
storage mass stream flowing perpendicularly to it. heat transfer takes place through this. 
The paitition is therefore situated in the level of the thin flow channels of the regenerator 
and is limited by the building depth of the regenerator. 



Solar molm,' 



Figure 4.14: liiugmaiv partition surface between air flow and the storage mass slicam. which is given 
by tlie miss of the channel walls. 


To calculate the temperature distribution on the entry side of the air flow, the partition 
surface is divided into V sections and subdivided on the entry side of the storage muss 
stream into »r sections. The surface of a partition clement icsults from the total area AJiNul 
The heat (low Q transferred by a partition element results then from the themial capacity 
stream of the ait C, = pl'c r „ per segment N and the temperature difference between 
element enti\ T. \ and exit 7".;. or from the thermal capacity stream of like storage mass C, 
pet segment /t and tlie associated temperature difference T ,. - 7 ,,. 

=%-( ?s - r,, > (4.43i 

n u 


The heat removal from the air. or the heat uptake of the storage mass in the warm phase, 
is equal to the convective heat How between the mean air temperature and tlie mean storage 
mass temperature of tlie respective element. For a partition clement of surface A^lS'nl and a 
heat transfer coelTicient between air and storage mass of h.. the result is: 


L >=„ 

• h»( : 2 ) 


(4.441 


From Fs|uaiions (4.43l and (4.44). there follows for the outlet temperatures: 


L : = L,-EAL,-r„) 

T t3 -T„ + F„(T,,-T„) 


(4.451 


£. and f. ate abbreviations for the follow ing expressions: 
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M, 


i + i 

2 C, A 1 JCT « 


F. =£. 


C, .V 


(4.461 


The calculation ol the cold phase takes place in a similar >vay. Since the volumetric air flow 
rates of the inlet and evil ail need he not identical, the thermal capacity stream of the aii and 
ol the convective heal transmission coefficient can change on the cold side. 

The calculation prot est: 

The calculation begins w ith the warm phase. 

As the first partition element (1,1) the cold storage mass element (N = 11 is selected, 
which fust comes in contact with the entering warm air flow (it = I). The second partition 
element < V = 1. ;r = 2) is then situated in tl»e direction of flow of the warm aii being cooled. 
Depending on live nuinbei of subdivisions it, fust all tempera!utes T,„ of the storage muss 
elements .V = I are calculated. Nest the second an (low channel .V = 2 with all subdivisions 
n is calculated. The icsult is. for example, for .V and it from 1 to 3 the following calculation 
order: 


r M | 4 


TLi 


n 


Tsi 


u 

2.1 

3.1 

n- 1 

r x: TjL3 

— 

3,6 

— 

4.6 

— 

Sfi 

u 

2J 

3-2 


3.5 

— 

4.5 

5.5 

1.3 

2.3 

3.3 

n-3 

3,4 

4.4 

5.4 

S - 1 

N-2 

N-3 


N- l 

N-2 

N-3 


n - I 


n-lii 


i - J 


t ^\c l 

Wami phase 


1 4 

Cold phase 


Figure 4 15: Calculation order for regenerative heal exchanger 


The thus dctcimined icmperatuie profile of the sttwage mass stream on exiting the warm 
penod equals the entry profile into the cold period. With the temperature profile of the 
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storage mass stream on exiting tlte cold phase, calculation of the warm phase again begins 
from the start, until the outlet temperature profile of the storage mass stream no longer 
changes and lire transferred amounts of heat are equal: 

0 = 0 ' 

,4 ' 47> 


The operational characteristic can he calculated with the calculated average v alues of the 
outlet temperatures of the two gas flows. If the warmer gas flow represents the smaller 
thermal capacity stream, then this applies: 



.4.4X1 


If the colder gas flow represents the smaller thermal capacity stream, then this applies: 


<X> = ^—— (4.491 

T,-t 


Kxample 4.3 

Calculation of the heat recovery efficiency of a regenerator with a w heel diameter of 90.5 cm. and a 
low rate of 3000 m 5 h. 


Regenerator 

U = 

10 

|min _l | 

1 — 

0.3 

(m| 

D = 

0.905 

(m| 

m — 

40 

IM 

= 

50% 

1*1 

Matrix 

d.= 

00019 

|m| 


91% 

[*J 

\,= 

366.3 

(m'| 

C, = 

870 

UAg K| 

A*,= 

0.2911 

0.2911 


Warm air: 

Cold air: 

M 

0.0279 

0.0260 


Relations p^rr min 
Depth of wheel 
Diameter of wheel 
Rtrtating storage mass 
Area ratio of warm air sector 

Inner diameter of capillary lubes (corresponds to hydraulic dial 
Area ratio of free (open) crass*section to total cims* section 
Heat exchanging total surface of regenerator \ internal surface) 
Sjx>rific heat capicity of storage mass 

|m 7 J 1 'ree cross section 


| W/m K1 I lea! cooductivity air 
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1.0938 

1.1890 

|kgi‘m ! | 

Demily of air flowing through regenerator 

C M = 

1008.3 

1007.0 

|I/kg K| 

Ileal crucify air 


1.761:05 

1.52E-05 

|mVs| 

Kinematic viscosity 

VA as 

0.83 

0.83 

|mVs| 

Volume How 

T = 

45.50 

20.00 

rci 

Temperature 

V S 

2.86 

2.86 

Ins's] 

Mean flow velocity 

Pr = 

0.696 

0.698 

1-1 


Re = 

309 

358 

l-l 


Nu « 

3.796 

3.817 

l-l 



55.69 

52.27 

|\V,’m'K| 

1 leat tramfer coefficient 

\* 

183.15 

183.15 

Im'l 

Ileal exchange area 

c a = 

918.66 

997.35 

(W/K| 

Heat capacity flow of air 

II 

5800.00 


|W/K| 

Heat edacity flow of storage maw 

1 

II 

23.39 

40.36 

rci 


<I> = 

0.87 

l-l 

Heal recovery efficiency 

T.,= 

45.50°C 



T, : = 23.39*C 

T J = 

40.36°C 



T a i’= 20.00 : C 


4.1.6 Humidifier technology 

To achieve ihe evaporative cooling effect central to sorption-suppoited air-conditioning, 
only humidification systems which bring liquid water but not vapour into the air can be 
used. The selection of the humidification system depends both on the water quality 
available at the location and on capital outlays, humidifier overall lengths and pressure 
losses. While spray humidifier systems produce very good humidification efficiencies with 
small pressure losses 195-100% at pressure losses of around 50 Pa), the capital outlays and 
the overall lengths are clearly higher than in simple contact humidifiers. These get along 
with a length of barely 60 cm. and achieve humidification efficiencies of over 90%. though 
the pressure losses vaiy according to manufacturers' data between 50 and 150 Pa. Water 
quality is an important issue, both for hygienic and cost reasons. Contact evaporators in 
contrast to spray evaporators do not transmit aerosols into the process air stream, but still 
requue low mineral contents of the water. 

The humidification efficiency rj, is defined as the ratio of the achieved absolute 
humidity inciease (from to i„,> to the maximum possible humidification to 100 % 
relative humidity (corresponding to a maximum absolute humidity 
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i?,(4.501 

To calculate the maximum absolute humidity w it is easiest to assume isenthalpie 
humidification, gradually increase the absolute humidity, calculate the new temperature and 
relative humidity, until KKKS relative humidity is reached. More precise is the 
consideration of the sensible heat of the water added to the air. 

4.1.7 Design limits anil climatic houndan conditions 

4.1.7.1 Demands on room temperatures and humidities 

With the models described for soiption wheels, heat recoveiy devices and humidifiers, the 
attainable supply air statuses for different outside air statuses can be calculated. Thus both 
the limitations of pure evaporative humidification and of sorption technology can be 
determined. At very high outside aii humidities, procedure combinations w ith closed cycle 
refrigerant plants for supply air cooling must be examined. 

According to the relevant norms for thermal comfort, a tise in live perceived temperature 
up to 2T'C is allowed at high outside temperatures in the summer and with only briefly 
occurring high thermal loads. The upper boundary of live humidity content is set at 
1 1.5 g/kg or a maximum of 650b relative humidity. At a design room temperature of 26"C 
(which corresponds to live space exhaust air status). 11.5 g/kg of absolute humidity results 
in a relative humidity of 55%. 

For supply air conditioning a fuithcr specification applies, that the temperature 
difference between supply and room air must exceed AT = I0K to prevent draughts and 
thermal discomfort. If for energy-saving reasons live room temperature is set at 26 : C. the 
upper boundary of the comfort field, a minimum supply air temperature of 16*0 results. 

The maximum supply air humidity depends on the humidity loads of the space which 
ate to be removed. If dehumidification is not necessary, the supply air can he moistened to 
the maximum admissible room value of 11.5 g/kg. From the outside air status of 32 D C. 
12 g/kg humidity, only 0.5 g/kg of humidity must then be removed, an energetically 
favourable change m status (see section 4.1.8. case 1). In air-conditioning of administrative 
buildings. 8.45 g/kg of supply aii humidity is assumed to allow a removal of humidity 
loads, an accordingly energy-intensive process (case 2). 

4.1.7.2 Regeneration temperature and humidity 

The regeneration temperature determines live maximum dehumidification of the outside air. 
At high outside temperatures of over 30"C. 70'C regeneration aii temperature can be 
achieved easily with flat-plate air or water collectors. The relative humidity of the 
regeneration air depends on live process: if the collector is flowed through by space exhaust 
air. live humidity is given by live exhaust air humidity plus the evaporative humidification of 
the exhaust air. For cost reasons, space gam and contamination of exhaust air. however, 
sucking in outside air for the collector is often selected (only one air duet from the collector 
is necessary). The absolute humidity of the regeneration air is then equal to the outside air 
humidity. 
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4.1.7.3 < alculation of supply air status with different climatic boundary conditions 

To evaluate the application possibilities of open adsotption air-conditioning systems, 
attainable supply air temperatures must be compared with live demands on the room air 
status. In the following, the temperatures ate to he calculated for a design value of 32°C. 
4(KS humidity (a temperate climate) and a damp climate with 35‘C. 5CKt humidity for a 
sorption system with closed exit air discharge. 

The methodology for the calculation of the air statuses is described as follows: 

1. Specification of the outside air status: temperature and humidity. 

2. Specification of the space exhaust air status: admissible temperature and humidity. 

3. Specification of the regeneration air temperature. 

4. Calculation of the exit air humidity after the evaporative humidifier as a function of 
live humidification efficiency (from manufacturers' data). 

5. Determination of the regeneration humidity: equal to the exit air humidity in closed 
systems or equal to the outside air humidity w ith open suction of regeneration air. 

6. Iterative calculation of the supply ail status (temperature and humidity I after soiptive 
dehunndifying. as a function of the relative humidity of the regeneration air. taking 
into account a dehumidifying efficiency. 

7. Calculation of live supply air temperature after the heat recovery device, as a function 
of the heat recovery efficiency. 

K. Calculation of the supply air temperature and humidity after the evaporation 
humidifier, as a function of live humidification efficiency. 

9. Checking the room air humidity and possibly icdueing the supply aii humidification. 

For the two outside ail statuses mentioned, the process is calculated in the following 
examples. The parameters to be given by the plannci. such as effieienees of humidification, 
dehumidifying. heat recovery etc. are punted in italics. 

1. Specification of outside air status 

Status A: J2°C. 40% relative humidity (12 g/kgl 

Status B: 3S°C. 50% relative humidity 

(I7.8g/kg) 

2. Specification of space exhaust air status: 26°C. 11.5 g/kg (55%) 

3. Specification of regeneration temperature: 70“C 

4. Calculation of the exhaust an humidity 

Humidification efficiency: 95% 

The maximum absolute humidity of the exhaust jit at 100% relative humidity and 
isenthalpie humidification is 14.1 g/kg. i.e. in total 2.6 g/kg could be added to the exhaust 
air. At a humidification efficiency of 95%. 2.5 g/kg can be effectively added. The 
humidification takes place adiabatieally and the temperature after humidification can be 
calculated from live enthalpy of the exhaust air <54.9 kJ/kg). For the vapour content of 11.5 
g/kg -i- 2.5 g/kg = 14 g/kg after humidification, the result is a new temperature of 2() : C. 

5. Determination of the regeneration air humidity 

The relative humidity of the regeneration air at 70'C and 14 g/kg is 7%. The relative 
humidity of the regeneration air is independent of the outside air status for closed exhaust 
air-circulation. If outside air has been sucked in. like result for status A with 12 g/kg of 
vapour content is a relative humidity of 6%. and foi status B with IK g/kg. 9.1%. 
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6. Iterative calculation of ihc supply aii sums after the drying process 
Dehumidificaiion efficiency: 80% 

Status A: The relative humidity of the regeneration air determines the maximum 
dehumidificaiion: to bring the supply air to ideally 7% relative humidity. 6.9 g/kg must be 
adsorbed from the outside air. Tire effective dehumidit'ying performance is about 5.5 g/kg 
and the temperature is 45.5°C. so a relative humidity of the dried supply air of 10.6% or 
absolute humidity of 6.5 g/kg results. 

Status B: 

The effective dehuntidifying performance is about 7.6 g/kg (residual moisture 10.2 g/kg) at 
a temperature of 54 : C. 

7. Calculation of the supply air temperature after the heat recovery wheel 
Heat recovery efficiency: 80% 

Status A. The supply air temperature after the heat recovery device is 25.I°C. 

Status B: Supply air temperature 26.8°C. 

8 . Calculation of the supply art temperature and humidity after live humidifier 
Humidification efficiency: 95% 

Status A: With a humidification of the dried, preeooled supply air to 95% of the maximum, 
a supply air status of I5.4°C and 10.4 g/kg humidity can he achieved. 

Status B: The supply air status with humidification of .'.I g/kg is 19°C and 13.3 g/kg 
humidity. 

9. Comparison of maximum admissible room air humidity with given supply air statuses 
Status A: 

The calculated 10.4 g/kg of absolute humidity is related to the desired room air temperature 
of 26°C. resulting in a relative humidity of 50%. thus under the limit value of 55%. 

Status B: 

The relative humidity of live supply air related to the room temperature is 63%. thus higher 
than the desired maximum value of 55%. An ineiease in the regeneration air temperature to 
80“C would improve the supply air status to I8.3 : C and 12.5 g/kg humidity, which is 
however still above the humidity limit value for live room air status. Only if the direct 
humidification of the supply air is reduced can the humidity condition be met. Howev er, the 
supply air temperatures are liven so high that the cooling is insufficient: at a regeneration 
air temperature of 80°C the result is. for the space status with 55% humidity, a supply air 
temperature of 20.6“C. For such humid climates it is often necessary to further eool the 
supply air without adding extra humidity. 

4. 1.7.4 Limits and application possibilities of open sorption 

Desiccant cooling air-conditioning is thus suited to temperate and warm climates with not 
too high air humidities (under about 15 g per kg of dry air). Only in extremely dry climates 
can tlve desired air conditioning be achieved witlvout a sorption wheel, via pure evaporative 
cooling. 
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Under design criteria of 32°C anil 40% relative humidity, supply air statuses under I5“C 
and 9.5 g/kg of humidity content can be achieved with a sorptive cooling system with a 
dehumidifying performance of 6 g/kg. hut without a sorptive dry ing process barely 20 'C 
and 13 g/kg. This humidity content is already clearly over the maximum admissible supply 
air value of 11.6 g/kg. Real sorption systems with humidifier efficiencies under 95% and 
heat recovery efficiencies of between 70% and 75%. achieve under the above design 
criteria supply air statuses of around 17—19°C. 

In a Mediterranean climate with mean monthly maximum temperatures of 36'C and 
13 g/kg humidity content, a supply air status of only 20 : C and 14 g/kg humidity content 
can be achieved without drying the air. The use of a sorption wheel, however, enables 
supply air statuses of I6°C and about 11 g/kg. 

Concerning control of the system, the different outside air statuses must always be 
considered in order to achieve maximum energy efficiency. When cooling begins, fust only 
the heat recovery device and exhaust aii humidifier are switched on. and only at higher 
cooling loads are the sorption wheel, regeneration air heater and supply air humidifier used. 

4.I.S Energy balance of sorption-supported air-conditioning 

4.1.8.1 Usable cooling power of open sorption 

Sorption-supported air-conditioning systems are driven with pure fresh air. The cooling 
capacity 0 is therefore calculated from the enthalpy difference between the outside air 
status /r„ and the supply air status The removable eooling load from the room Q .. 
however, is given by the enthalpy difference between supply air h„ and space exhaust air 
h,. with the space exhaust air temperature usually several Kelvin under live outside 
temperature. What propoition of the cooling capacity produced is usable depends in 
particular on the required dehumidify ing performance as well as on the nccessaiy fresh air 
flow rate, which must in every ease be cooled from live outside air status, even in 
conventional air-conditioning systems. 

a =P'V'.-h.) 

= P‘«‘. +•«. )T +«.. K -((«. K )) 


Q, = pV(lt,-K,) 

= )l +•'. K )L K )) 


For live three most impoitant applications of sorption-supported air-conditioning the 
eooling power can be determined by Equation (4.51) and the removed cooling load from 
the room by Equation (4.52). 

CASES: 

1. Pure eooling of the outside air with minimum dehumidifying to 11.5 g/kg. 

2. Cooling of live outside air to I6°C supply air temperature with dehumidifying to 8.5 g/kg. 

3. Pure dehumidifying of the room air to 8.5 g/kg w ithout additional eooling. i.e. the supply 
air temperature equals 26 ; C. 
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The enthalpy of the outside air remains constant at 62 kJ/kg here, at design criteria of 
32"C and 40% relative humidity (12 g/kg). The enthalpy of the space exhaust air is 26*0. 
with 55% relative humidity (11.5 g/kg) at 54.9 kJ/kg. 

Cate l-pure cooling u 'lilt minimum dehumidifying: 

With the inlet air humidity specification of 11.5 g/kg. at 95% humidification and good heat 
recovery efficiencies of 80% a minimum supply air temperature of I7 0 C is possible. The 
enthalpy difference between the outside ail and supply air is 

A -A. = 62-45.7 = 16.3 [it/%] 


From this a cooling capacity for 1000 mVh flow rate results: 

pv(h. -A„)«U8 tgfm'X 1 000 jr V3600* Xl6.3xl0’ 7 %« 5343 W 

With a flow rate of I(XX) mVh. however, only a sensible cooling load of 3 kW can be 
removed. 


pV(h. -/<,) = 1.19 Ag/m’xIOOOmV3600*x(54.9—45.7)t//A - g = 3041 H 

Thus if only a sensible cooling load is to be removed, without a fresh air requirement 
existing, the sorption system must produce 1.8 limes more cold than is needed as cooling 
output, an energetically unfavourable application. 

Cate 2-Cooling Mlh dehunxidificulion: 

If humidity loads of the space must be removed (hete for example 3 g/kg from 11.5 g/kg. to 
8.5 g/kg). the energy expenditure for air-conditioning clearly becomes higher. At such high 
air-drying performance of the soiption wheel, the supply air temperature must now be 
limited to a minimum value, since the usual 95% humidification would produce supply air 
temperatures far below 16'C. 

The enthalpy difference rises to 

A -A.. = 62-37.3■ 24.7 [kJIkg] 


and thus the cooling capacity to 8.1 kW per KMX) m’/h llow rate. 

The cooling load of the space now consists of sensible heat and latent heat of 
dehumidifying. and the enthalpy difference is 

h, -A. =54.9-37.3 = 17.6 | Ulkg) 

The total cooling power is still 1.4 tilives higher than the cooling load removal from the 
room of 5.8 kW per 1000 mVh. so here too a high fresh air requirement offers a favourable 
initial position for open sorption cooling. 
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Cate 3—pure dehumtilifying: 

To dehunudify the room air 10 8.5 g/kg. i.e. by 3 g/kg. without cooling, the outside air at 
32°C and 12 g/kg must be dehumidified by 3.5 g/kg. 

h, -A.. =62-47.3 = 14.7 [i/%] 


The necessary cooling performance per 1000 m'/h volumetric air flow is 4.9 kW. 

If dchumidifying were cairied out with recirculating air. i.e. not fresh air but space 
exhaust air. tine enthalpy difference would be reduced to 

h - A, = 54.9 - 47.3 = 7.6 [fc/%] 


The removable cooling load is around 2.5 kW. 

The different energy expenditures on the basis of the constant outside air status arc 
summarised in Table 4.3. Tire outside air status is given with 32°C, 4(Ki relative humidity 
and an enthalpy of 62 kJ/kg. 


Table 4.3: Total cooling power and cooling load removal of open sorprionsup parted air-conditioning 
with ditlcrcnl applK'alams. 


Cate 

Intel air 

status: 

temperature 

and ab solute 
humidity 

Enthalpy 
inlet air 
(kJ/kg) 

Enthalpy 
difference 
outside air to 

inlet air 
IkJ/kg) 

Cooling power 

/vr 1000 mVTi 
<k\V> 

Enthalpy • 
difference 
room exhaust 

air to inlet air 
tkj/ig) 

Removable 
rttolinz load 
per 1000 
m'/h (kW) 

1 

17°C 

11.5 g/kg 

45.7 

16.3 

5.3 

9.2 

3.0 

2 

16*C 

8.5 g/kg 

37.3 

MM 

8.1 

17.6 

5.8 

H 

26<e 

8.5 g/kg 

47.3 

14.7 

4.9 

mm 

2.5 


An optimal field of deployment for sorption-supported air-conditioning is found in 
applications with a high fresh air requirement. At high space-cooling loads with 
dchumidifying needs but little fiesh aii requirement, a combination of sorption systems 
with closed cycle coolers is suitable for separating dchumidifying from load removal. From 
the ratio of cooling power to regeneration heat, the energy performance figures of open 
sorption can be deteimined in what follows. 

4.1.8.2 Coefficients of performance and primary energy consumption 

To make available a kilowatt-hour of cold, compression refrigerators w ith a coefficient of 
performance (COP) of 3 require a total of 0.33 kWh of electricity. The coefficient of 
performance is generally defined as the ratio of produced cooling power to like supplied 
power, eithei electrical power or heat. 
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(4.53) 


Ai an average primary energy conversion efficiency ij„, for electricity production of 
35%, 0.95 kWh of primary energy must is used for 0.33 kWh of electricity. The primary 
energy efficiency i)„ as a ratio of live produced cooling energy to the supplied primary 
energy tesults from the product of COP and tike conversion efficiency of the respective 
energy carrier. 


n ^ m .COPxq 

«*>p 


(4.541 


In electrical compression coolers, rj lv is around 3.0 x 0.35 = 1.05. If compression 
coolers are operated in a full air-conditioning system, reheating is often necessary after 
dehumidifying due to the low dew-point temperature, and the nvean primary energy 
efficiency falls to 0.6. i.e. for a kWh of cold. 1.7 kWh of primary energy are used. 

With sorption-supported an-conditioning systems, both thermal energy for regeneration 
and electricity for fans and auxiliary aggregates such as humidifier pumps and wheel drives 
must be supplied. First the purely thermal COP should be considered, i.e. live ratio of 
cooling power produced to the necessary regeneration heat. 


COP-- 


0 . 








(4.551 


If (otal cooling power from outside art is considered, the enthalpy difference between 
outside and supply air - A„ w<1 | must be selected. If only room loads are removed, 
the difference between room exhaust air and supply air is to be used. 

The regeneration power in the denominator is calculated as the enthalpy difference 
between entry into live (solar) regeneration air heater and exit from the heater with enthalpy 
h„,. For closed exhaust air systems, the entry air into the heater is live exit air after 
humidification and the heat exchanger (Am): for open exhaust systems, outside air is used 
with enthalpy A. mufc . The enthalpy after heating depends on the regeneration temperature 
necessary for live respective application. 

As an example, live respective performance figures for the three applications of open 
sorption can be calculated, for closed exhaust air systems. As a boundary condition, an 
outside air status of 32'C and 4(KS relative humidity is selected. The specification is the 
desired supply air status (cooling with or without dry ing): live regeneration temperature is 
calculated as a function of live air to be supplied. 
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Table 4.4: Performance figures of open xocption*supported air-conditioning with a doted exhaust air 
system. 


Cast 

Temperature 
and humidity 
supply air |»C) 

Temperature 
regeneration 
,ur m 

Enthalpy 

regeneration 

lUAgl 

Enthalpy 
evhaust 
after HX 
IkJAgl 

Enthalpy 
ine reave 
regeneration 
| kJ’Vg | 

COP 

from 

outside 

air 

i-i 

COP 

iv km 

load 

II 

m 

I7°C 

11.5 g/kg 

53.3 

88 

70.9 

17.1 

0.93 

0.53 

7 

16^ 

K.5g/kg 

95.1 

129.7 

79.2 

50.5 

0.48 

0.35 

■ 

26°C 

H 5 g/kg 

!■ 

83.1 

69.3 

13.8 

1.05 

0.55 


With a falling regeneration temperature, lew. dehuntidifymg occurs and the necessary 
amount of heat falls. At very low outside air humidities, air-conditioning can take place by 
energy-neutral evaporative eooling alone, so the thermal performance figure becomes 
infinite in extreme eases without dehumidifying. 

However, there is a low limit to tire regeneration air temperature dependent on external 
humidity. For example, at an air status of 32°C and 40%. the performance figure 
(COP ll . IT ,,|) does tise with a falling regeneration temperature. If the regeneration 
temperature falls below 52"C. there is so little dehumidification that in lire supply air 
humidifier humidify ing to 95% can no longer lake place (due to tike maximum admissible 
room air humidity). This results in an unadmissibie rise in the supply air temperatures. 



Figure 4.16: Supply air temperatures and cooling performance figures (COP) xs a (unction of the 
regeneration air temperature at constant outside air statuses ol'32'C and 40% relative humidity'. 


Although energetically veiy interesting, pure evaporative eooling is limited to dry 
outside air statuses and is only possible for a limited number of hours of operation. By 
using thermal solar energy, however, the regeneration heat can likewise be produced 
primary- energy neutrally at full sorption operation. 
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For a total energy balance, the additional pressure losses through the sorption wheel, 
heat recovery device and humidifier, and the associated electrical power increase, must be 
eonsideied. At a typical flow velocity of 3 m/s in the sorption system, pressure losses of 
about 15(1-200 Pa result in live sorption wheel and heat recovery device respectively, and in 
the humidifier between 100 and 250 Pa. depending on live design. The total of supply-side 
and exhaust side pressure losses is between 800 and 1500 Pa. For a 100 nr air collector 
field as a regeneration air heater, pressure losses of about 250 Pa can be expected. 

From the total pressure losses 4/' the electrical power of the fans is calculated as a 
function of the fan efficiency rj At an efficiency of a large fan of 70%. live result is thus an 
electrical power demand of 417-615W per 1000 m'Vh of volumetric air flow', with total 
pressure losses between 1050 and 1550 Pa. In addition there are about 100 W pet 1000 
m’/h for electric drives of the components (circulation pumps, wheel drive etc.). 


p _ V&P _ I000m , /3600ixl050/ , a 

" n o.7 


41711 ’ 


(4.56) 


Altogether, therefore, live result is connected electrical loads of some 500-700 W per 
1000 mVh of flow rate. i.e. about 1.4-2 kW primary energy requirement. Thus a cooling 
capacity of between 4.9-8.1 kW can be produced, depending on the application, i.e. the 
electrical primary energy efficiency is between 2.4-5.8. This value contains the pressure 
losses both for the heat recovery and live humidification function. These must also be 
considered during conventional cooling by compression refrigerant plants as part of a full 
air-conditioning system. If the heat is supplied either primary energy-neutrally by solar 
energy or waste heat is used, live desiccant cooling process is primary-energetically clearly 
superior to electrical compression refrigerant plants. 
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4.2 Closed cycle adsorption cooling 

4.2.1 Technology and areas of application 

Closed adsotption coolers operate ntmilarly to open cycle adsorption systems with silica gel 
and water, the refrigerant water being led in the closed cycle. At low pressure, heat is 
extracted from the environment by evaporation of the water (i.e. usable cold is produced). 
The compression of the water vapour to the pressure in the condenser necessary for 
liquefaction takes place via a thermal compressor, the water vapour is first adsorbed on 
silica gel (suction function) and afterwards desorbed by the heat supply and brought to the 
necexsaty pressure. Cold water at S-I5°C inlet temperature is produced by the closed 
refrigerant circulation, and can then be distributed in tl»e building with small pipe cross- 
sections, a substantial adv antage over purely air-led systems with large air pipes. Cooled 
ceilings with high cooling inlet temperatures of around I5‘C can lie operated with 
performance figures of 0.7. due to the low temperature rise. 

The adsorption refrigerant plants manufactured so far in small numbers ate av ailable 
only in large power ranges between 50 and 500 kW. and due to the small numbers of items 
requite high capital outlays at present (aiouiul 500 t'/kW of cooling capacity in large 
systems). In comparison to closed absorption systems on a water/lithium bromide basis, the 
substantial advantage of adsotption technology lies in the possible use of low heating 
temperatures below 00 C. With solar energy or waste heat at heating temperatures around 
MFC. usable cold can tv produced by closed adsorption independently of tl»e climatic 
houndaty conditions. The performance of all closed cycle technologies critically depends 
on a low cooling watet temperature. 



SS no 04 70 75 so S5 00 95 


lanpaaiun-1 *C| 


Figure 4 17: tidFuienls ol‘ performance of rimed adsorption and absorption coolers I Gasset. 21*10). 


For the design, the tempera tun: boundary conditions for live hot water circuit (advance 
and ictuin temperature), the cooling circuit (advance and re(utn) and (he cold water circuit 
must tie known. Generally it is favourable to operate the cooler at high cold-water 
temperatures. since per Kelvin rise in temperature the performance rises by atnund 8“S. 
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For high performance figures low cooling water temperatures; for adsotber and 
condenser heat removal produced by a cooling tower arc of special impoitance. To avoid 
contamination of the cooling water circuit, only closed cooling towers or open cooling 
towers with a heat exchanger can he used. In the cooling tower system, in contrast to LiBr 
water absorption systems, no lower temperature limit is necessary since no crystallisation 
of the sorbens can occur. At too low temperatures in the evaporator < under 4°C) the lower 
evaporator area is warmed up by live heating water cireuit to avoid freezing of the 
evaporator I seat exchanger. 

Between adsorption of the refrigerant watei and desorption of the soiption material 
silica gel. switching takes place cyclically between two chambers, so that quasi-stable 
operating conditions are achieved. The adsorption plant is controlled via the cycle duration 
as a function of the cold water inlet temperature at live evaporator, at too high inlet 
temperatures live adsorption process is terminated and switched to the chamber with dry 
sorption material. Due to the higher refrigerant flow rates into this chamber, the cooling 
capacity rises. If the cold w ater return temperature falls below a desired value, tire cycle is 
extended, the adsorption rate sinks with increasing saturation of the sorption material and 
the cooling capacity falls. 

Before initial operation, the four process chambers (evaporator, condenser and two 
sorption chambers t are evacuated with a small vacuum pump to an operating pressure of 
approximately 1000 Pa. The pump is operated briefly every 60 operational hours to remove 
desorbed gases from the materials or leakage air from the armatures. 

When planning, the time-variable cold inlet temperature must be considered, as it 
fluctuates during a cycle by about ±3 K around the desired value. A cold store of 
approximately l/40th of the houily cooling flow rate effectively buffers the fluctuations. 

4.2.2 Costs 

The capital outlay for a thermally operated adsorption cooler is clearly higher than the cost 
of a conventional air-cooled cold water set. For a 350 kW system, a capital outlay of 
approximately 160 000 ( must be expected, compared with 60000 f for a compression 
refrigerant plant. With a high annual operating time (6000 full-use houis yearly) and waste- 
heat use or already available solar thermal plants with low heat costs (0.01 C/kWh) 
however, economical operation can be achieved, according to manufacturers' information, 
due to the low operating cost (GBU mbH. 1998). 

4.2. i Operational principle 

An adsorption cooler consists of two chambers filled with silica gel which are used 
alternately for water vapour adsorption and desorption, and enable a quasi-eontinuous 
process. The heat of adsorption, or live heat necessary for desorption, is removed or 
supplied by heat exchangers, whose ribs are tightly packed w ith silica gel for good thermal 
contact. 




164 


Solar technologic* for buildings 


cooling water 
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cooling water pump 


hc-iit exchangers 
with silica gel 
adsorber 


chilled water circuit 


ating water 
cucuit 


evaporator 


chilled water pump 


Figure 4. IS: Slniclurv of an adsmpliini cooler (Albrlng. 2001). 


The two adsorbent chambers contain I teat exchangers surrounded by the adsorption 
material silica gel. so heat of adsorption can be removed and Iteat supplied for desorption. 
The refrigerant pump only pumps evaporated water back to the spray nozzles of the 
evaporator. All fuither pumps for the cold water cycle as well as the cooling and heating 
circuit of the cooler are fitted externally. Each silica gel ehambei is connected by two 
controllable valve flaps either to the evaporator or condenser. The process consists of two 
strokes and a short switching phase between the two strokes. 

In stroke I live lower valve flap of one of the two silica gel chambers is opened to the 
evaporator (on the tight in Figure 4.18). and live water vapour produced in the evaporator is 
adsorbed on the dry. pre-eooled silica gel. The upper valve flap to live condenser of this 
chamber is closed. Loading takes place at low evaporator pressure (e.g. 1000 Pa at 5 : C). 
ai>d the freed adsoiption enthalpy is removed by the cooling water. The possible water 
vapour load of the silica gel rises with falling coolant temperature 7.,,. which thus 
detetmines the end of adsorption. In the second ehambei t left in Figure 4.18). live valve flap 
is closed to the evaporator and the flap to the condenser opened during the first stroke. By 
heat supply, the water vapour collected in tlte previous stroke is expelled and liquified at 
condenser pressure. 

In stroke 2 the valve flaps operate in exactly opposite directions. Tlte adsorbed water 
vapour of the fiist chamber is now expelled by Iteat supply into the condenser (valve flap to 
the condenser open, to the evaporator closed). In the second chamber the dried silica gel is 
used to adsotb w ater vapour from tlte evaporator. 
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Between the strokes, there is a switching phase of approximately 20 seconds for heat 
recovery, both chambers being Mowed through alternately with cooling or heating water. 
The heating water is used to pre-heat tire adsoiption chamber of the preceding stroke, and 
the cooling watei pre-cools the hot desorption chamber. A typical cycle lasts 400 seconds, 
so including the switching phase, a stroke lasts 7 minutes. 


4.2.4 Energy' balances and pressure conditions 

The process steps of a closed adsorption cooler can be clarified in an isostere (constant 
concentration| diagram, in which tire vapour pressure of the refrigerant watei p, is plotted 
logarithmically as a function of the inverse temperature //7|K~' |. The diagrams result from 
the Clausius equation of the adsorption of water vapour by silica gel already discussed for 
open sorption systems. 


The parameters of the Clausius equation />,, (vapour pressure at temperature T, | and the 
adsorption enthalpy h Aj> depend on the load concentration C and are calculated iteratively 
from the sorption isotherm at 40C <i.e. at T, = 313K; see section 4.1). 


Table 4.5: Adsorption enthalpy and v apour pressure p., as a function of the load concentration of 
water on silica gel Iki'iirokg.,). 


LiKui concemratum C 

|kSn:.As.,l 

Adsorption enthalpy 
itj/igi 

Vapour pressure p fl at 40*C 
[Pal 

0.05 

2849 

465 

0.10 

2622 

1392 

0.15 

2490 

21K5 

0.20 

2453 

2738 

0.25 

2453 

3259 

0.30 

2453 

3879 

0.35 

2453 

4S96 

0.40 

2453 

6445 


The adsorption enthalpy results from the total concentration-dependent binding enthalpy 
and assumed temperature-independent evaporation enthalpy at 20"C. The vapour pressuie 
of live refiigerant water (C = I) is calculated most precisely with the saturation vapour 
pressure formula for water from section 4.1. 

The vapour pressure over the sorption material rises with temperature and the load 
concentration. In live isosteie diagram, therefore, the straight line of highest pressure is the 
saturation vapour pressure of water at maximum load concentration C = I. On this 
saturation vapour pressuie curve are the status points I and 2 of live closed adsoiption 
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process. The pure refrigerant water is injected in the evaporator, evaluated there at low 
ptcssuie <l). compressed by the thermal adsoipnon/dcsoiption process and finally liquefied 
in the condenser at a higher ptessure (2>. The highci the evaporator temperature, the higher 
the vapour pressure of status point I. which determines the low pressure level of the 
adsorption cooling process. 




i 1 I-1---1—■ I ■ I 

I) 20 10 GO SO 100 


temperature ( 9 C’| 

Figure 4.19. Water vapour pressure over silica gel as a function of the load concentration C 
l isos teres 


Illustrated are two processes with a very low evaporator temperature (4 C C) for cold 
water production and a higher evaporator temperature < 14“C) for cooled ceiling 
applications. The high pressure level (status points 2. 4 and 5) is determined by the 
temperature of (l>c condenser /,. which due to a common cooling circuit also corresponds 
to the temperature of the adsotbent The maximum process temperature is the 
desorption temperature T.,.„ at which the refrigerant from the silica gel is expelled (status 
point 5| Prom the process comparison it is evident that at low evaporauu temperatures 
(nuinheied process) high desoiption temperatures are necessary (here SO C). while at high 
ev aporator temperatures desorption temperatures under 60 C suffice. 

The pressure conditions and energy balances ate represented for the evaporator and 
condenser first, and afterwards the cyclic process of adsorption and desorption of water 
vapour by silica gel is analysed. 


4.2.4.1 Evaporator 

In the evapotator the saturation vapour pressure p. prevails, it depends on the design 
tentpciature of the chilled water circuit (status point I on the In p - I//’ curse fin pure 
water). Since heat is removed from tlic chilling cucuit by the evaporator through a heal 
exchanger, tin* temperatures in the evaporator must be about 2-5K under the cold water 
inlet temperature. 

The circulating chilling water quantity m , results from the desired cooling capacity of 
the machine. The evaporation enthalpy of the refrigerant water at evaporator temperature I, 
is used to cool the chilling circuit from return temperature T.,, at the evapotator entrance to 
advance temperature T ait at the evaporator exit (useful energy), and to cool the liquid, still 
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warm refrigerant from ihc condenser (not useful). Tlic outln icmpcmiurc fruni ilic 
condenser T, U around 5 K over ihc cutting water return temperature, depending on the 
heat exchanger sizing of live cooling w ater circuit. The mass flow of the refrigerant w ater 
m, is calculated from the sum of the useful cooling power and the required condciuor pre- 
cooling power. Tile performance balance of the evaporatot therefore reads: 

* (A. -Z) < 4 


tram condcnsor T . m 


T *.' 


evaporator 7. nr. 

■wwwwvw- 


m k . chi tied m//er 


Figure 4 20: Temperature* and nun flows at the evaporator 


Fxamplc 4 4 

An adinrption cooler is to he operated with 200 k\V of cooling * opacity at a cooling water advance 
temperature of 29T (return 33°C). and the cold water and evaluation nuw flown neeuwary fur tin*, 
plus the heat of evaporation, are to be calculated. The cold water set it to produce 6*C advance 
icinpcniture and 12'^C return temperature. In the evaporator a temperature of 4'C~ must be delivered at 
a temperature ditVerence at the heat exchanger of 2 K. 

For simplicity, calculation is hused in all cvvlcs fin the material values of pure water 
The chilling water mux* flow results from 


fi* 


200kW 




I T 

wiK 


:7155ii = ;H6— 


The outlet temjvraiujc from the coodcnser is about 3S C C. at a c exiling water return tenperatun: of 
33’t* und a temperature difference over the heat exchanger of 5 K. 

The evaporation miss flow is then calculated by dissolution of liquation (4.58) The evaporation 
enthalpy of mater at 4*C is 2492 kJ Ig. 


(A.-A,)-c,.(r-r.)' 


ke 

7.955—4 

5 


l 00 ^r 6K 


24 " 2 rr 4,9 wSr< ?s - 4)K 


: 0.086^. 
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To cool the still warm ciwiiicmcr water, there lore, 

nt.c, (r - r.) = 0 ftS6— 4 .19-i^-(.1K-4)K = 11.6 kW of cooling capacity imitf be used, which has 
x kgK 

lu Si 1 produced by the evaporator In addition to the 200 kW of cooling eapaeoy lor cold vnlcr 
production. 

The above energy balance of ihe evapoiator assumes ihai ilte refrigerant mass flow 
m, is eocisiani. However, in a leal adsorption machine with a limned amount of adsorhens. 
ibe removal of refrigerant from live evaporator by the suction of the adsorption chamber 
slows down with time, as the adsoiption material suns to saturate. Only at short cycle 
times can the effect be ignored, otherwise the dynamics of the adsorption process need to 
be considered. 


4.2.4.2 Condenser 

In the condenser (status point 2| the desoibed refrigerant water m, is condensed at high 
pressure, and ihe condensation heat has to lie be removed by a cooling water circuit with 
mass flow m ( . The lowest attainable condenser tem|ieraiuic T, is at a cixiling water inlet 
lemperaiure of plus the temperature difference Al\„ typically 5 K_ necessary at the 
heat eiefanngcr. 



T fl,«oo4 , coaling HUtcr 


Irotti cksmber r w rh 

Figure 4.21: Temperature* ami nu» Haws at die condenser 


The pressure level in the condenser determines live switching point for the desorption 
process. As soon as the pressure necessary for condensation is achieved in the heating 
phase, the valve between the desorption chamber and condenser is opened and healed 
fuitlier at constant pressure to the final desorption temperature T M „ in order to desorb the 
refrigerant. Tlie lower the cooling water inlet temperatute the lower is the pressure 

necessary in the condenser. 

The evaporation enthalpy and the sensible heat of the water vapout healed In the 
desoiption temperature must be removed by the cooling water, with the cooling water with 
mass flow m ,, being heated to the return temperature T rml . Typical temperature spreads 
of the cooling w ater ate about 4 K. 
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m 


-A (*.-r w + Ar *.) 


H-591 


Mxamplc 4.5 

Calculate the necessary condcnsor cooling-water mass flow for the cooling machine of I:.\amplc 4.4 
for a final desorption temperature Ti*. of 90°C. 

The circulating refrigerant miss flow m. must first be cooled from the dcsorforr to the coodensor 
temperature, resulting in a cooling power requiremmt of 

0.0N6—4.19 2^(90 - 29 + 5) K = 23.8kW . 


With a condensation enthalpy of 2420 kJ'kg at 34°C condenser temperature the total power to be 
removed is 208 k\V • 23.S k\V - 231.8 kW and the resulting necessary cooling water mass flow at a 
temperature spread of 4 K is 


23I.8IW 




4.19- 


kJ 


-4 K 


= ,3.8—= 5oiU- 

i h 


The pressure level in the condenser at a condenser temperature of 14T is 5524 Pa. This pressure 
must be produced by heating the sorption material during the desorption process. 

4.2.4J The adsoiption process 

In the adsorber, in the ideal process, ilsc same pressure appears as in ihe evaporator (siatus 
point 3). The load level of the silica gel (the isostere) is given by the temperature of the 
adsorbent material which is at a minimum of the cooling water inlet temperature (plus 
heat exchanger temperature difference AT lu ). The status point thus results from the 
intersection of the evaporator pressure line and the coolant temperature. Tire lower the 
coolant water temperature, tire more w ater vapour can be adsorbed. 



Figure 4.22: Temperatures and mass flows 
in Ihe adsorber. 




170 


Solar technologic* foe buildings 


The pressure level in ihe adsorbent is determined by the vapour pressure in the 
evaporator, which is very low lor the refrigerant water. At an evaporator temperature of 
4°C, for example, the refrigerant vapour pressure p, is only 813 Pa. At this pressure the 
sorption material has to adsorb, the load concentration being determined by live sorption 
isotherm for silica gel. For this, the relative humidity in the adsorbent is calculated, which 
results from the ratio of evaporator pressure and saturation vapour pressure at adsorbent 
temperatures. 



(4.60) 


From tire relative humidity, the load concentration is then determined using the 
procedure from section 4.1, i.e. by conversion to live known 40*C sorption isotherm. 


Example 4.6 

Calculate Ihe load concentration In the adsorbent at a coolant temperature of 29'C. a temperature 
dill’erencc at the heal exchanger of 5K and thus an adsorbent temperature of 34°C at an evaporator 
temperature of 4 : C. 

The saturation vapour pressure in the evaporator at 4°C is SI3 Pa. Related lo Ihe saturation vapour 
pressure in Ihe adsorbent at 34°C of 5324 Pa. a relative humidity of 15.3% results. The load 
concentration is then 0.09 kg kg. which is very low. 


If due io low evaporator pressure or high coolant temperatures, only low load 
concentrations are achieved, a large mass of sorption material is necessary to take up the 
circulating refrigerant flow rate. The adsorption machines ate then correspondingly large 
and heavy. The necessary sorption muss can. however, only be calculated when the load 
concentration after desorption is known. The difference in load concentrations is called the 
degassing width and indicates the water vapour quantity per kg of soiption matetial that can 
be effectively adsorbed. For a high degassing width, high evaporator temperatures are 
favourable (and thus high vapour pressures) as well as low adsoihent temperatures (and 
thus high relative humidities in the adsorbent). Figure 4.23 shows tl>e connection between 
load concentration and evaporator temperature at diffetent adsorbent temperatures. 
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Figure 4.23: Load concentration ax a function of the evaporator temperature with the adsorbent 
temperature ax a parameter 


In the real ptxicess. a differential pressure between the evaporator and adsorbent must 
exist, to compensate for the pressute losses between the two chamber* at the necessary How 
rates. He load concentration at the end of the adsorption process is therefore lower than tlte 
value corresponding to that of the vapour pressure in the evaporator. 

The heat of adsorption is removed by the cooling water iw ^ (T ^ — F .) and by 
the treating of die cold lelngeram vapour from the evaporator to the silica gel temperature 
m,c y (T Ut - T t ). Additionally, the heat from die preceding desorption step remaining after 
switching and pie-eooline must be removed. The siliea gel temperature equals the 
temperature of the cooling w ater at the end of the adsorption process (plus die temperature 
difference ot the heat exchanger ATjut. The effective thermal capacity c* covers both the 
thermal capacity of die sotbens material c™ (of about 1.0 U/VgK i and also that of the heal 
exchanger ty A ' related to the surtens mass in** (e.g. 0385 IJ/kgK for copper). 

*... . { f ... ~T. (L. (t)~T. ) = m.Au ~ M 1 


wilh 


c? 



Ai a typical niau ruliu of heal eutunger lo miiIwmis of appioxinuiidy 2.0. on effective 

thcnuul capacity of c' 1 ' = I —+ 2x0.3N5— = 1.77— icsulu. 

' kg kg kg 


Fxamplc 4.7 

Calculate tlic necessary cooling water macs flow of the adsorbent fur the above cooler under steady 
stale cunditioai. i.c. after achieving the final adsorption temperature (• coding water inlet 
temperature *5 K. here 29*1* • 5*C - 34 C). Under steady^taie conditions ihe last lerm of Equation 
(4.61). the temperature rise of the adsorbent material with time, v% zero, so the effective thermal 
capacity need not be known. 
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The heat of adsorption is 2650 kJkg at the low load concentration of around 0.1 kg'kg. The outlet 
temperature (ram the evaporator is equated to the cold water return temperature of 12°C. The cooling 
water mass How is 


0.0861 


2650_- 


JSi-4.l9_!!L(34-12)K 
*_^__i= 13.2—= 47.4^1 


4.I9_1^_(33-2'»)K 


4.2.44 llialins phase 

Aflei adsinpiuin has ended, both valve Haps of ihe adsorption chamber are elosed and 
healed from the final temperature of adsorption T.,,, until the steam pressure of the 
condenser is achieved, at an initially constant load concentration (ehange in status 3 to 4|. 
The load concentration is given by live adsorption process and thus by the evaporator and 
coolant temperature. 

ft*- -i, J=K<+'wvK 7 ;, (')-r )/* (4.62) 


The final temperature 7J# of the heating phase at constant loading results from the 
condenser temperature. The higher this is, the higher is the pressure necessai\ to liquefy 
refrigerant, and the higher the temperatures which must he produced during the heating 
phase and the subsequent desorption phase. 


Kxamplc 4.8 

Calculate the final temperature of the heating phase T n at a condenser temperature of 34 a C (cooling 
water 29*C ♦ AT, ft ) and an evaporator temperature of 4°C. 

The condenser temprrature determines the pressure level. To be able to liquefy water at 34' 3 C. the 
vapour pressure must be 5324 Pa. The cvajxiratar temperature determines the load concentration of 
the adsorbent at a given adsorbent temperature (here 34°C). which taking I’xample 4.6 is 0.09 kg kg. 
For this isostcrc the tcnqxraturc can now be ifelcrmincd with the Clausius parameters from 

Table 4.5, for which at the calculated load concentration the vapour pressure over the soebens 
corresponds to the eondmser pressure. 


p. =1392 


fxtxrf 2622t, ks 1—--11=/- = 

I 0.46lkJ/kgK\3l3£ T )) 


5324 At 


=*7*= 7' =338 K 


At 65 r C the vulve between the silica gel chamber and the condenser is opened, and liquefa^ion of the 
refrigerant begins. In order that, at a decreasing load concentration, the necessary vapour pressure is 
still produced, the temperature must be increased to the final desorption temperature. 


4.2.4.5 The desorption process 

At a constant condenser pressure, the valve Hap of the desorber is now opened to the 
condenser, and water vapour is expelled by a rise in temperature from the healing 
temperature 7i *° final desorption temperature T ^ (4—>5). The isostere of the minimum 
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load concentration results from the intersection of the condenser pressure and Ibe given 
desorption final temperature. 

The aim of the desorption process is to reduce as far as possible the load concentration 
of the sorpuon material, to receive large degassing widths. To achieve low load 
concentrations, the relative humidity in the desorber must be as low as possible. This results 
from the ratio of the vapour pressure in the desorber. which is equal to the condenser 
pressure, and the saturation vapour pressure at the desorption temperature 7*,: 



M.63) 


At low cooling water temperatures the condenser temperatures and the vapour pressure p, 
aie low. and a low relative humidity in the desorber result*, enabling a deep unloading of 
the sorption material. Mote effective. Itowevcr. is a high desorption temperature, since the 
saturation vapour pressure rises exponentially with live temperature, and a tise in 
leuipcrature in the desorbei leads to the reduction of the relative humidity than a fulling 
coolant temperature by the same temperature difference. 



Figure 4.24. Lcunl concentration at ihc aid of desorption a* a function of the desorption temperature 
at different condenser temperatures 


If a desorption temperature 7',., is now established, the degassing width of the 
adsuiption/deMiiption process can he calculated, and the mass and effective thermal 
capacity o( the smption matenal can he determined. From Figure 4.24 it is clear that even at 
high final desorption temperatures and low condenser temperatures, a load concentration 
much below 0.1 kg/kg can be attained only with difficulty. For a condenser temperature of 
34 C. a value of 0.06 kg/kg at T^, = HO C is Use minimum load concentration. In the teal 
process, the vapour pressure in the desorber must be somewhat highci than in the 
condenser, to compensate for the pressure losses at the flaps between the chainlets, i.e. the 
desorber temperatures are somewhat higher than in the ideal process. If the adsoiption 
machine is to lie operated at very low evuporatoi temperatures (for example. 4 ; C). the 
degassing width AC as the concentration difference between adsorption ('.„ s and dcsotption 
C*. is correspondingly small. 
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Example 4.9 

Calculation of the degassing width at 7** - 80*C, 7** - 34 r C T g - 34°C and 7, - 4 r C. 

The load concentration at the end of adsorption and a vapour pressure of SI 3 Pa at 4°C is 0.t>9 kg kg 
(see Example 4.61. At the end of desorption (7*, - SO°C) the load concentration is 0.06 kg. kg. The 
degassing width AC - 0.09 kg kg - 0.06 kg kg - 0.03 kg kg is thus very low. 


The necessary sorption mass m^ can be calculated from the circulating tefrigeiant mass 
flow m ,. the degassing w idth AC and the cycle time f.. 



(4.641 


Example 4.10 

Calculation of the sorbens maw for the ^iove cooler at a stroke duration / of 200 s. During 200 s. a 
total of 17.2 kg of water is adsorbed in the 200 k\V cooler with an evaporation mass tlow of 0.0K6 
kg's. The sorbens mass at the degassing width of 0.03 kg. kg is 573 kg: 

... =__= S73kg„ 

0.09k Bl)(( ,'k S ..-0.06k g ^/kg w 

With ihe known masses and thermal capacities of like sorbens ntatctial and ads«>il>cd water, 
the necessary amount of beat for the desorption process can l>e calculated. Tire heating 
output is used to provide the desorption heat m h u . and to heat the masses from the 
heating temperature T„ to the final desoiprion temperature T^,. 

"-c, *m„ p C f )(T^ (t)-T„)/A< (4.651 


Example 4.11 

Calculation of the heating output for the desorption process at an effective thermal capacity of 1.77 
kJ.'kgK and a heating duration of 200 seconds. 


kg kJ ( 
0.086-12622 —+ 

_i_is l 


573 kgxl.77 


-^— + 17.2 kgx4.!9 
kgK kgK 


2255 kW 81.f kW 

At a tempera!lire spread of 10 K. the result is a mass flow* of 

^.. = 7 . 3 ^ = 264 ^ 
s h 


|fc 


65) Kx 


I 


200 s 


: 307 kW 


4.2.J.6 Cooling phase 

After termination of desoiprion all valve flaps are closed, and by switching tire heating 
water circuit to a cooling water operation tire silica gel chamber is cooled at constant low 
loading until at temperature T, the evaporator pressure is achieved (change in status 5 to 6). 
The energy balance corresponds to the heating phase. 
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*^ e (T,^-T^) = (n,,„c< +">„ l0 c r )(T Jtt -T c (/))■• Ar (4.66. 


4.2.5 Coefficients of performance 

The performance figure of like cloved adsorption cooler can he calculated from the energy 
balances of the process steps discussed. The coefficient of performance is defined as the 
ratio of chilling capacity O. produced (or energy Q,n produced in like cycle) in the 
evaporator, to the necessary heating power for the heating process and desorption 
(changes in status 3 —» 4 and 4 —* 5). Since during the changeover process from desorption 
to adsorption <5 —» 6). heat can he recovered with heat recovery efficiency rj. the heating 
output can be reduced by this amount. 


COP = 




Q, 

CL. 




(4.67. 




For the cooler considered so far like result, for one kilogram of evaporated refrigerant for 
example, is calculated as follows: 

The usable cold results from tike evaporation enthalpy of the refrigerant water: 

6. =* (7>4°C)«2492U 

During the heating phase, tire adsorbent temperature T.^ is raised to the heating 
temperature T„. which corresponds to the condenser pressure. The mass of the sorbens 
material per kilogram of evaporated w ater results from the reciprocal value of the degassing 
width, and is about 33.3 kg.„. 


• )(T„ - ) 




«i » 


kJ 


kJ 


0.06 


x L77 r^r +1 k *w* 4 ^7-r'( 6S - 34 ) K = 1957 u 


kgK 


kgK 


k 8„ 


k 8„ 




For further beating to the Final desorption temperature, an energy quantity of 

+ -r (1 ) = 2622 kj + ^6l.3Mj(80 -65) K=354l kJ 

is needed. 


The heat given off in live cooling phase cotresponds to the amount of (seat during the 
heating phase: = Q^. 

This amount of heat can be recovered with a heat recovery efficiency rj. around TUT in 
this case. The result is thus a performance figure for the example calculated of 
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COPm. 


2492H 

kg 


1957—♦ 3541 —-0.7x1957 — 


: 0.6 


kg 


kg 


kg 


Better performance figures are achieved if ihe operating conditions are less extreme. At 
higher permissible cold water temperatures the adsorption machine can be mn at higher 
evaporator temperatures. Titus the load concentration in the adsoibent uses, and at higher 
degassing widths the desoiption temperature can he lowered. Alternatively the sorbens 
mass can be increased, and the circulating refrigerant mass flow adsorbed and desorbed at 
small degassing widths. The machines are then, however. veiy large and heavy, and for 
short cycle times the connected heating power must be very high. 
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4.3 Absorption cooling technology 

Absorption technology, known of since the beginning of the 19th century, has attracted 
increasing interest in recent years, since possibilities of saving primary energy by using 
waste heat and thermal solar energy exist in heat pump operation for heating purposes and 
m cooler applications. If solar heat is available in the temperature range of 90-140'C. cold 
with temperatures of under — 30"C can he produced. 

While cold-production with absoiption facilities has been common for decades, heat 
pump applications have only in recent years become meaningful in primaiy-energy terms, 
due to the improvement in the performance figures, thus small gas-driven absoiption heat 
pumps achieve coefficients of performance of approximately 1.5. i.e. I kWh of the assigned 
primaiy energy of the gas is convened into 1.5 kWh of heat (Schirp. 1993). which is better 
than the condensing boilers presently available on the niaiket with maximum COPs of 1.1. 
These small devices with 3.5 kW heat output are manufactured at present in pilot 
production and are about to be marketed. Different manufacturers are producing absoiption 
heat pumps with 10-40 kW output which achieve COPs of about 1.3 at advance heating 
temperatures of around 50 I, C. 

Absorption coolers, on the other hand, have been mass-produced since live 1960s. Arkla 
Industries alone (today Robui SpA) has produced over 300000 small coolers with outputs 
of !0.5-l7kW (Lazzarin. 1996). Cuircnt coolers cover a large power ungc from 10 to over 
5000 KW. 

The most commonly used pairs of working materials are ammonia-water and water- 
LiBr. with ammonia or water as refrigerants and water or LiBr as solvents. The 
thermodynamic properties of live refngerant determine live possible temperature range of the 
machines: while ammonia at a pressure of 10‘ Pa boils at -33“C and can thus lie used for 
cooling and ait conditioning, the refrigerant water is limited to pure air-conditioning with 
evaporator temperatures over 0"C. In LiBr-water systems, the extremely low refrigerant 
pressure of approximately lO'Pa at +5°C is favourable for small pump power and 
uncomplicated constructions. However in LiBr systems live refrigerant concentration in the 
solution must not drop too sharply, since otherwise crystallisation of the solvent occurs. 
Due to live poorer solubility of water in LiBr. the absoibei and condenser are usually water- 
cooled. 

An advantage of water-LiBr systems is in the high boiling point distance between the 
refrigerant and solvent, so when the refrigerant is expelled from the solution, pure 
refrigerant vapour develops. The boiling point distance between ammonia and water on the 
other hand is only 133 K. so when expulsion occurs, water vapour is always produced and 
must be separated again in a rectifying column. 
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Figure <1.25: Stnglc-lill L 1 B 1 water cooler with hot water or steam operation for power ranges of 420- 
4840 kW (York International coirgiany product mfonmlion). 

High-power coolers ate today mainly produced w ith LtBt technology. One reason is the 
increasing application of gas-powered douhle-hft absorption machines, in which fust the 
refrigerant is expelled at high temperatures and the condensation heat is used for further 
expulsion at lower temperatures and pressures. With such machines COPs of 13 or higher 
aie obtained, while single-lift systems are limited to approximately 0.7. IXwible-lift 
machines cannot be produced with ammonia icfiigcrant due to the veiy high system 
pressures. In solar energy operation, however, double-lift coolers can only be operated with 
concentrating thermal collectors, and these are poorly suited to integration in buildings. 
Since (due to high collector and slotage eostsi the costs of solar-powered double-lift 
coolers are not much lower than those of sutgle-lift systems, despite the performance 
figures, the focus here is on single-lift systems. 

4.S. / The absorption cooling process and its components 

Absorption coolers differ front electrically-powered compression refrigerant plants in the 
substitution of the mechanical compressor by a thermal compressor, and ate thus 
coin|xaiablc to closed adsotption coolers. The compressor has the function of bringing the 
evaporated refrigerant to such a high pressuie that it can be condensed at high temperatures, 
and in the cyclic process be supplied again as liquid to the evaporator. In an ahsoiption 
cooler the compressor process is replaced by absorption of the evaporated refrigerant in a 
solvent (water or LtBr) and subsequent Killing in the generator at high pressure. 

The refrigerant-poor solution from the generator is pumped back into the absorber, 
where it can take up refrigerant vapour again from the evaporator. A continuous cooling 
process can be maintained by circulating liquid soibem. a substantial advantage over 
adsorption technology with intermittent refrigerant udsotpbon on the solid silica gel. 
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Absorption cixiler Compression cooler 

Hg* 



Figure 4.26: Components of the absorption cooler compared with an electrical compression cooler. 


Through the representation of the components in the isostere diagram (with the 
concentration of solution £ as parameter) the individual process steps can be reconstructed. 
On the high pressure side with pressure /•„ are the condenser and generator: on the low 
pressure side with pressure level p, are the evaporator and absorber. In tl>e evaporator and 
condenser the refrigerant concentration is 100 %, which corresponds to a concentration of 
solution of C = 1.0. The lowest refrigerant concentration in the solution is produced in the 
generate! (right isostere). 


Absorption cooler Compression cooler 

log p 



Figure 4.27: Representation of the absorption and compression cooling process in the log p - FT 
diagram. 
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The arrangement of the components, in an absorption cooler is detetmmed by the common 
pressure level of the generator and condenser on the one hand. and of the evaporator and 
absorber on the other. The generator and condensor ate located in a common upper 
chamber, while the evaporator and absorber are arranged in the lower area of live machine. 



I-igurc 4.2K: Arrangement of the components of an absorption cooler on a I.ilir water huts <York 
company). 
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43.1.1 Double-lift absorption cooling process 

In a double-lift absorption process, iwo generators are operated at different temperature 
levels. Tire high-temperature generator with process temperatures of around I50°C 
produces refrigerant vapour at a high pressure level. This refrigerant vapour condenses at 
temperatures sufficient to operate a second generator. The refrigerant-rich solution is thus 
pumped fust to the medium temperature generator, where some refrigerant is expelled and 
then to the high temperature generator, where live solution is further depleted of refrigerant. 

The pressure level and thus live temperature in the second generator must be high 
enough to achieve condensation in the second air- or water-cooled condenser. The 
condensate from both condensors is expanded into a common evaporator at the low 
pressure level, where the cooling power is produced. 


logo 



To T« Thi Th2 -i/T 


Figure 4.29: Process oldoiiblctifl absorption chiller. 


The generator heat must be supplied at a high temperature (above 110°). Vacuum tube 
collectors and parabolic concentrating collectors are very suitable for such applications. 
Small parabolic concentrators are currently developed for installation on flat building roofs 
and are attractive alternatives to vacuum tube collectors. These concentrating collectors 
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depend on diieei beam uradiance, which varies from about 700 kWh/m'a in Germany (732 
in Cologne. 894 in WUrzburg Mo about 1300 kWh/m'a in souihern Europe. 

By using condensation heal, ihe performance figure can clearly be improved from 
approximately 0.7 for single-effect processes to 1.3 for double-effect absorption ehilleis 
and 1.7 for triple effect. 



Figure 4.30: Comparison of eoetlieients of performance for multistage absorption chillers 
(Cirossmann. 2002 ). 

From an energy point of view, the double-lift concept is very interesting and fust 
operating experience was gained in Turkey using a Chinese-produced double-lift absorption 
chiller with a maximum COP of 1.5. powered by parabolic trough collectors producing 
steam at I44"C (Lokurlu. 20021. 

4-3.1.2 Evaporator and condenser 

Evaporator and condenser are conventional components whose heat uptake or release takes 
place either by air or a liquid circuit. If the refrigerant in the condenser is to condense at 
high ambient temperatures, the vapour pressure must be correspondingly high. The freed 
condensation heat is used in heat pump applications for treating purposes, and dissipated in 
cooling processes to the environment. Before the condensed refrigerant enters the 
evaporator, the pressure must be reduced to the low evaporator pressure. This is usually 
done by a throttle valve. Only in diffusion-absorption coolers docs an auxiliary gas such as 
Hj or He prov ide the pressure balance between the high and low pressure sides. 

Evaporation enthalpy of absorption refrigerant t 

The evaporation enthalpy h, (i.e. the amount of heat taken up at constant pressure) of the 
refrigerant water is almost twice as high as h, of ammonia, for example at an evaporator 
temperature of +5°C. 2489 kJ/kg (water) as opposed u* 1258 kJ/kg (ammonia). The 
evaporation enthalpy It, results from the enthalpy difference between vapour and liquid and 
is temperature-dependent h = h —h r For watet vapour live approximation Equations (4.9) 
and (4.10) are used. 

The specific evaporation enthalpy of pure ammonia is calculated with approximation 
foimulae for tire high and low pressure range (Sodha. 1983). The equations for tire high 
pressure range are only indicated in the litreaturc starting from 17.23 x I o' Pa. but they can 
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however be applied with sufficient accuracy from the upper boundary of the low-pressure 
range at 5.52 x 111 Pa (temperature T in I°C|>. 

High pressure range: 5.52 x 10 s </> S 24.13 x 10 s Pa 

A.. =6.7702 + 4.7l82r (4.68) 

h, = 1290.28542 ♦ 19.4669x1 O'* (1.8T +32)* (4.691 

Low-pressure range: 3.45 x IO ! Pa </> £ 5.52 x 10 s Pa 

A, =-1.4356+4.5705 T (4.70) 

A = 1234.944 +(1.87' + 32) 

x(0.9672 ♦ (1.87 + 32)(-11.5081x 10' (1 XT + 32)+ 3.4775X 10' 1 )) (4.71) 


■example 4.12 

C akublfcm of the refrigerant masi (low m of ammonia or water for a cooling output of the 
evaporator 6*. of 100 kW ami an exaporator temperature of S°C: 

In the evaporator the refrigerant is evaporated in the low-pressure range. Foe water a nuts flow of 
0.04 kg s - 145 kgh results in an evaporation enthalpy h. - 2510 Id'lcg - 21 kJ/kg - 24S9 kJ kg. For 
ammonia with an evaporation enthalpy h, -1279 kJ kg- 21 kJ kg - 12SS Id'kg. a man flow of 0.079 
kg's - 286 kgh results. 


The refrigerant evaporates only because the pressure in the evaporator is reduced by the 
constant suction of the compressor or by the absorption in the solvent. Only if the saturation 
temperature of the respective vapour pressure is under the ambient temperature can heat be 
taken up from the environment, i.e. can cooling take place. The volume flow rate of the 
compressor or absorber is regulated in such a way that the evaporator pressure remains 
constant. 

4.3.1 J Absorber 

The refrigerant-poor solution flows back into the absorber from the generator. The 
refrigerant vapour produced in live evaporator is ahsoihed there as a function of the 
absorber temperature and solvent concentration. The evaporator and absorber are at the 
same refrigerant pressure level. At low evaporator temperatures and correspondingly low 
vapour pressures, the absorber temperature and the concentration £ of live refrigerant in the 
solution must not become too high, since otherwise no more absorption takes place. 

The refrigerant-poor solution in the absorber must constantly take up the refrigerant 
produced in live evaporator, since otherwise like evaporator pressure would rise. Through 
refrigerant absorption the concentration of refrigerant vapour in the solution rises. The 
concentration modification between the rich and the poor solution £ and is called the 
degassing width. It is usually between 10and 25% in live NHi/HjO system, and about 4-6% 
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in the HjQ/LiBr system. The necessary solvent mass Hows are deteimined from a mass 
balance at the absutber. The mass (low o( the rich solution at, consists of the sum of 
supplied lefiigeiunt v apour m and the poor solution m, back-pumped (mm the generator 

w, =m, +ro, (4.72) 

The associated to frige taut mass flows depend on the cuflcciuratniii of the refrigerant in the 
rich and poor solution £. and and im the concentration of the refrigerant in the gaseous 
state, i.c. the purity of the vapour £. 


+™,£. (4.73» 

The mass flow relation between tlie nch solution and live refrigerant vapour is also defined 
as the specific Ivackllow relation /. and (or ammonia systems is between 10 and 30. 


»«. t-c. 


I-J74I 


Poor solution from generator 


Refrigerant vapour from 
evaporator <w,. A* 



N3 

throttle 



Figure 4.31: Mats halaruv* at the absorber. In the absorber the solution heat (3. li released. 


lixamplc 4.13 

Calculation of the backflow relation and the necessary solvent circulation fur an evaporator output of 
100 k\\\ if the poor solution comes from the generator at a concentration of ^ - 0 3 and the 
degassing width is limned to 10 **u. 
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The backflow rclalion/ is only a Iuikiioo <i( the degassing width. Assuming pure refrigerant vapour 

id. = 1) results in a backflow relation f =-= 7 . i.e. seven limes the quantity of solvent must 

0.4 -0.3 

be circulated in relation to the refrigerant vapour. For water as refrigerant, the l.illr solvent mass flow 
is thus 7 X 144.6 kgfh = 1012 kg/h. For ammonia as refrigerant. 7 X 286kg/h = 2003 kg/h must be 
circulated. 

43.1.4 Generator 

The absorbed refrigerant is expelled again from the generator by healing ihe refrigerant-rich 
solution. Conventional heating by gas or other fossil sources of energy can be replaced by 
thermal solar energy. For operation w iih solar energy the necessary temperature level in the 
generator is ciucial: it can be well over 100‘C with unfavourable boundary conditions, in 
particular a low solvent concentration. Although today's vacuum collectors can certainly 
supply such temperature levels with acceptable efficiency, solar use is better at lower 
temperatures. The physical principles for determining the necessary temperatures and 
performance figures are discussed in the follow ing sections. 

4.3.2 Physical principles of the absorption process 

43.2.1 V apour pressure curves of material pairs 

In thermal equilibrium, a saturation vapour pressure p, arises over a pure liquid, depending 
solely on the temperature. As a function of live evaporation enthalpy of the pure working 
material, an exponential rise of the saturation vapour pressure with the negative reciprocal 
value of the temperature —l/f results, hased on Clausius-CIapeyron. For pure ammonia, 
this tesulls in an approximation solution of Bouiseau (1986) with ihe logarithmic function 

■ <«•”> 

indicated by the coefficients a = 10.018 and b = 1204.3 for pressures up to 25 x Iff Pa (Tin 
Kelvin). 

The low pressure level />, of the cooler is deietmined by the saturation vapour pressure 
at live desired evaporator temperature. 


Kxamplc 4.14 

Vapour pressure of NIIj at evaporator temperatures T< of —10°C and *5 C C\ and at condenser 
temperatures T c ot* • 30°C and 50°C. 


Component 

Temperature [K] 

Vapour pnswn NHs |Pa| 

evaporator 

263 

2.76 X 10' 

evaporator 

278 

4.SKX 10' 

condensor 

303 

11 1 X10' 

condensor 

323 

19.6 X 10' 
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Due to the high vapour pressure* of amnioma. the flow rates of the evaporated refrigerant are 
clearly lower than the flow rates of the water vapour in LiBr systems, despite higher vapour mass 
flow's. From the pressure levels in the evaporator/?, and the vapour mass flow m . the vapour volume 
flow V t can be calculated at a given temperature |K| from the ideal gas equation: pV t = M t RT. 
The specific gas constants R k of water vapour arul ammonia are calculated from the general gas 
constant R = 8.314 J/molK using the mol mass M R t = R/M and arc. with mol masses of 18 g/mol for 
water and 17 g/mol for Nil,. *,(11.0) = 462 IftgK or ff,(N!!3) = 489 J/kgK 


Example 4.15 

Calculation of the flow rate of refrigerant vapour in the evaporator from water and amnxinia from 
Kxample 4.12 for KKI k\V evaporator cooling capacity. 

The pressure level at S'X* evaporator tcnprrjtnrc ix. using liquation (4.75). 488 X 10* Pa for ammonia 
and from Equation (4.11) 872 Pa for water. 

Water from the mass flow of 145 kg b or O.M kg/s. a very high flow rate of 

0.04—462——278A." 

V =?*L= _-_^_=5.9— = 21298— 

’ p. 872 Pa » h 

ii due to the very low evaporator pressure. 

Ammonia: from the almost twice as high ma» flow of 286 kg h a How rate of only SO m 1 h result):, 
due to the very high evaporator prenurc of 4.S5 X 10 Pa. 


The temperature level of live condenser detei mines the high pressure level />, in the 
absorption cooler. If the expelled refrigerant is to be liquefied even at high ambient 
temperatures in an air-cooled condenser. live pressure level of the system rises sharply 
(typically />,, > 15 x 10* Pa fix ammonia coolers). 

The operational principle of the thermal compressor is based on the fact that the vapour 
pressure of the pure refrigerant drops if it is absorbed in a more highly boiling liquid. While 
pure ammonia at +5 r C already produces a vapour pressure of about 5 x 10 s Pa. in a solution 
with 5(KS water it achieves a vapour pressure of 1.3 x It)' Pa at live same temperature: the 
absorbent fulfils the suction function of the compressor. 

Conversely, high temperatures must he produced in the generator to remove ammonia 
from the solution. The smaller the ammonia concentration in the rich solution, the higher 
the generaiot temperature required to produce the vapour pressure for liquefaction. 

As a function of the refrigerant concentration 5 m the solution, coefficients a a ltd b of the 
Clausius-Clupeyron vapour pressure equation ate modified: 

log , t p=a-blT 

a = 10.44 - 1.7675 ♦ 0.9823§ J + 0 . 36275 ‘ 

6 = 2013.8-2155.75+I540.95 : -194.75 1 


(4.761 
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From ilk! vapour pressure curve ol ilic pure lelngeram, ihe high and low pressuie levels 
/>, and /i, can ihus be deieimincd ai condenser and evaporator temperatures T, and T,. On 
die low pressure side, ihe maximum concentration of solution at which absorption can still 
occur is determined by the uhsiuber tem|*craturc f- If live absoilter is re-cooled at low 
temperatures. absorption can occur at higher concentrations of solution. The generator 
temperature T, on the high-pressuie side detcmiines tire minimum solution concentration 
and so deietmines the degassing width as the concentration difference between the rich 
solution m the abs.uber and the poor solution in tike generator. 



t*>tii|M>raturv [°C] 

Figure 4.32: Vapour pmsurc curses over ammonia water solutions In Ihe log p — I T diaumm. 


The concentration of solution varies in lot steps from 0.1 to I (pure ammonia 
cotresponds to $ = 1. left curve), The process runs via the eva|«otutor (status pnmt 1), 
condenser |2). the absorption of ihe refrigerant in the solution (3 1 . the entry of live rich 
solution into the geneiator (4). the |vx>r solution at the end of the expulsion process (5) and 
the poor solution cooled by lire solution heat exchanger before re-entry into the absoibei 
<61. Tire generator tempetature can be calculated for given concentrations of solution from 
ihe modified Clausius equation: 


r “(*fe X(t,(€) " l ° 8,,P) } ,4?7 ‘ 

The maximum generntot temperature results when iclngciaiii vapour has already been 
expelled from the solution, i.e. at the end id the expulsion process. The refrigerant vapour 
in the generator is then in equilibrium with the tel tiger ant-poor solution leaving the 
generator. 


I.sample 4.16 

Calculation of the generator temperature'* required to produce a vapour pressure of 20 X 10' Pa. if the 
concentration of the poor solution leaving the generator ^ u 0.2, 0.35 and 0.5. 
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Muiitm {,«| *| 

Gc)\fmti*r ttmpcruhtn T e | r C| 

0.2 

156 

0.35 

120 6 

0.5 

¥25 


High concentrations of solution ate ihcrefoic favourable for lowering tl»c generator 
temperature and adjusting it to solar operation. High concentrations of solution, on the 
other hand, also mean high vapour pressures in the absorber and thus a restriction in suction 
efficiency of ihe absorber. If tl»e evaporator temperatures are to be very low. i.e. produce 
low vapour pressures, ihe concentration of solution must be correspondingly low to 
maintain lire evaporator pressure at a given absotber temperature. 



unmimu conccnuatum | ) 


Figure 433: Necessary gcneralar temperature as a (unction of Ihe comrnlralion of ihe refneeram 
ammonia in the snlulioa. 

The piessurc level is given by lire condenser temperature and varies in 5 x 1(>' Pa stqrs. 
With living condenser pressure, the required generator tcuiperaluics also rise. 

Example 4.17 

In an absorber coolahlc In 40"(\ the refrigcranl vapour must still be taken up at an evaporator 
icinpculurc of — KTC. Hie maximum concentration of solution is dctcrmmisl by resolving the 
modified Clausius ci)uaiian for 4 

Vapour pmsurr at -ICFC: 2.75 X 10' Pa 

Masimum cnnccniralion of wilutum 4 “ 0 58 

The absorption cooling process of w ater-LiBr systeuis takes plate at very low absolute 
ptessuie levels (under SINK) Pal between live high and low pressute levels of live condenser 
and evaporator. The minimum concentration of solution is limited to since otherwise 
crystallisation of ihe solvent LiBi occurs. 
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4.3.3 Refrigerant vapour concentration 


If ihe boiling points of tlic refrigerant and solution aie dote (us hi ammnniu-wuict 
systems), a not insignificant proportion of the solvent is i-o-evapuralcd in the generator (not 
a problem in l.iBr systems). Hie lower the refrigerant concentration of the rich solution, the 
higher are the requited generator temperatures and the mote solvent is evaporated. Two 
problems result from this co-evaporation: on the one hand, aqueous refrigerant eun no 
longer be completely evaporated, jnd on the oilier a substantial energy quantity is used for 
water evaporation, which reduces live performance. Tlie purity of the ammonia evaporated 
in the generator is characterised by the vapour concentration £ . w ith 4 = I representing 
pure refrigerant. The higher the refrigerant concentration in the liquid solution 4'. the higher 
the concentration of refrigerant in the vapour. The vapour concentration depends not only 
on the refrigerant concentration in the solution, but also on the temperature or the total 
pressure /> necessary for liquefaction in the condenser. At high temperatures and pressures, 
more solvent is co-evapoiated and the vapour |>uiiiy falls. 

To calculate the vapour purity (and afterwards the enthalpyI. for better curve fitting a 
division is made into two pressure ranges iSodha. 1983): the low-pressure range to 
5.52 x 10' Pa and the high pressure range for p > 5.52 x 10' Pa. 


4. =1 0-(l.0-4.) r 


I-J78) 


The parameter II for the high pressure range /> > 5.52 x 10' Pa is 


/? = 7.1588 - 0.6171X10"V + («(10.74904 -17.869014, 
+ 4.029714 -1.3086)4. + 0.3715 x I IT'/i >4, 


|4 79| 



H = ((((108.4854.. -229.009)4, +155.247)4, -41.04421 


14 80) 


4 »4, +1IJ1925 - 4 532x10-/> +3.0934x10- ,4 / 



u.iuoun cuncmtrAiiiiii ( ) 


Fiuurv 4.34: Vapmir concentration a* a funirtxm of the concentration of solution. 
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If t!>c temperature is given instead of the pressure />, the pressure is determined first 
aecotding to the modified Clausius Equation (4.76). 

The pressure curves in the low-pressure range there represented in 0.5 x 10* Pa steps 
from 0.5-5 x 10' Pa> coincide, as do the presure curves in the high-pressute range there of 
ICK-20 x 10* Pa in 10' Pa steps). 

With liquation (4.78) like equilibrium concentration between the solution and vapour 
ean be calculated. Very low concentrations of solution, which arc produced at high 
generator temperatures and which are necessary for very low evaporator temperatures, ate 
in equilibrium with impure vapour, from which high proportions of solvents must he still 
condensed out. 


Example 4.18 

Calculation of the equilibrium concentration between liquid and vapour at 20 X 10' Pa total pressure 
lor concentrations of solution of 0.2 ami 0.5. 


Solution concentration |—| 

Vapour punty |—| 

\m\m 

0.7395 

\m i , a i mi 

0.9807 


The higher concentrations of solution lead directly to a higher vapour purity and thus to lower 
rectification lieal losses. 

4.3.4 Energy balances and performance figures of an absorption cooler 

43.4.1 Ideal performance figures 

In an ideal ahsoiption process the cyclic process of the refrigerant is regarded as loss-free 
and ihcmiodynamically reversible. Based on the principle of conservation of energy, the 
heat taken up in the evaporator and in the generator must equal the delivered heat in the 
condenser and absorber. 


Q.*Q„-Q*Q. (4-8l> 

Since an ideal process rons reversibly, tire entropy must remain constant according to 
the second law of thermodynamics. The reduced entropy in the condenser corresponds to 
the entropy increase in the evaporator, and the entropy decrease in the ahsoitier corresponds 
to the entropy increase in the generator. If instead of the energy balance a power balance is 
set up and the power is related to tike circulating refrigerant mass flow, the result is: 

g>. . 

T, T. 


(4.821 
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Q.i". _ lk > 

T . T , 


(4.83) 


The coefficient of performance (COP) of an absorption cooler is defined by the relation 
of the power taken up in the evaporator to the supplied power in the generator, and can by 
reformulating the above equations be represented as a temperature relation: 


COP 




0 T-T, T 

<?, K r-T 


(4.84) 


The COP of an absorption cooler is thus the product of a right-circulating Carnot 
thermal engine between the temperatures of the generator and the absorber and a left- 
circulating Carnot cooling machine between the temperatures of the evaporator and 
condenser. The ideal COP of an absorption heat pump is defined as the ratio of the heat 
released in the absorber and condenser to the generator heat. 

COP^ = = 14 JL- = | + COP_, (4.85) 


Example 4.19 

Calculation of the ideal output figure' for an absorption cooler with the following temperature 
conditions: 


Tcmperaiurei |C| 

Example 1 

Example 2 

Example 3 

Exatnple 4 

Example 5 

evaporator T« 

-10 

-10 

♦5 

+5 

♦5 

Coodemor T fc 

30 

50 

50 

30 

50 

ab%oct>er T* 

30 

50 

50 

30 

50 

generator T p 

140 

140 

140 

100 

100 







COP*, 

1.75 

0.95 

1.34 


0.83 

COP«ii 

2.75 

1.95 

2.34 

3.09 

1.83 


Good COPs result if the condenser and absorber temperatures can be kept low, since on 
the ot>e hand the temperature lifting capacity of the thermal machine rises between the 
absorber and generator, and on the other hand the temperature difference between the 
evaporator and condenser for an efficient cooler cyclic process remains small. 

4.3.4.2 Real performance figures and enthalpy balances 

In an ideal absorption cooling process. Example 4.19 show s that COPs over 1.0 can teadtly 
occur. In a real cooler, however, irreversible processes occur during absorption of the 
refrigerant in the solution. The real COPs depend furthermore on whether the freed 
amounts of heat in the absorber, condenser and rectifier can he recovered and supplied to 
the process again. 
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To calculate like real performance figures, like enthalpies of the liquid (solvent + 
absoibed refrigerant) and of the vapour (refrigerant plus co-evaporated solvent) for the 
different equilibrium concentrations in the absorber and generator must be known. For pure 
ammonia in the evaporator and condenser, like enthalpies are calculated using Equations 
(4.68) to (4.71). The enthalpy of the solution depends on the refrigerant concentration in the 
solution $, and on the temperature or pressure. In the following approximation equations, a 
differentiation is again made between the high and low -pressure ranges. 

For tl>e high-pressure range with /> > 5.52 x 10 s Pa. the enthalpy h, in kJ/kg at the 
temperature T in °C is calculated as follows: 


: -94.7974 + 4.71827' + ((((1306.7740$, - 4487.8637>$. 
♦ 5450.0471)$ -1926.7160)$ -240.6738)$, 


(4.86) 


For the low-pressure range /«£ 5.52 x 10' Pa applies: 


h. = -51.7296 ♦ 4.5 7057 + (((-1526.79$, + 3160.601$, 
-1158.988)$, -424.528)$, 


(4.87) 


For the eut\e fitting of tire vapour enthalpy, in tire high pressure range an additional 
difference is made between low and high concentrations of solution. The vapour enthalpy 
depends not only on the temperature (or pressure) but also on the vapour purity $. which is 
calculated using Equation (4.78). 

For the high-pressure range w ith ;i > 5.52 x 10' Pa and a low concentration of solution 
between 0.1 £ $ £ 0.36. the vapour enthalpy is given by: 

A. = 2506.6744+ l9.4669xl0^(l.87 + 32)‘ +(((-3122.7354$, +6871.3435 )$„ 
-5780.3107)$ +910.2483)$ + <((-S.78O4xl0''(l.87 + 32) 

14.88 \ 

♦ 0.0634X1-87 + 32)-13.8220)1.87’ + 32)M I — $,) 

+ 1.2714(1.87 + 32X1-$. > ! 


For $ > 0.36: 

A, =21I3.2l89 + I9.4669xl0"“(l.87 +32)* + (((0.I599AT7 + 4.8363)ATT 
+ 57.7705>ATT + 336.380S)ATT +(((-8.7804x10-’(1.87+ 32) 

♦ 0.0634 H1.87 + 32) -13.8220X 1.87 + 32)K I -$,) 

+ 1.2714(1.87 + 32X1-$ )' 


w ith 


ATT = In (I - $ ) for $ < 0.99996 
ATT = In(0.00004) for $. 20.99996 


(4.90) 
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The enthalpy equations in the low-pressure range aiu valid fm tlic entire concentration 
range of die liquid. 

Fur /> < 5.52 x 10' Pa the vapour enthalpy in given by: 

It, = 1234.944+«—l 1,50)ilxl0"*<l.#7" + 32) + 3.4775x10"' Xl-ivF + 321 

+ 0.%72Hl.8r + 32l + |«9.432-IXl0- , )l.8r + 32| (4.911 

—0.0675HI.8T+32)+15.7951XI -8T +32)KI—^) 



Fiuurv 4.35. Enthalpy iif ammonia water mixture* m liquid ami vaputvus staler an a function ctf Ihc 
solution cunicntrahon. 


In the curves illustrated, tlic parameter niessure rises from 0.5 x 10' Pa via I x !()' Pa. 
2 x I O' Pa. 5 x 10 1 Pa. Ill x 10* Pa. 15 x ll/pa and 20 X III' Pa. From the enthalpy diagram 
as a function of the concentration of solution the enthalpy of the vapoui is known (the 
vapour is in cquilihnum with the solution), however, it is not evident what lefngerant 
concentration is contained in the vapoui. To deteimine this, the vapour enthalpy is plotted 
not over tlic concentration of solution, but over the v apour concentration. 
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Figure 4.3ft Fnthilpy nf the vapour at a functiiMi of the vapour enneentmtinn vapimr purity) of the 
refrigerant ammonia. The pressure loci rues hum 0.5 X I0‘ Pa through I. 2, 5. 10 to 20 X I0' Pa 


If the two enthalpy diagrams are combined the vapour purity resulting lor a given 
solution concentration can be determined at live same vapour enthalpy. 



Figure 4.37: Combined enthalpy diagram for the llunl and vapour enthalpy at a function of the 
concentration of the solution or of Ihc vapour concentration of the refrigerant. 


For the concentration of solution of 2U‘.v shown, the vapour enthalpy is determined as a 
funeunn of the concentration of siilution at IK67 kJ/kg (for a total pressure of 2tl x 10' Pal 
This vapour enthalpy also icsulis at a vapour concentration of 74‘V, so Use solution is m 
equilibrium at exactly this vapour concentration. From the enthalpy differences between 
vapoui and fluid the energy quantity transferred can be calculated for each component of 
the absorption process. 

To calculate tlsc performance figure, a view of the energy (lows in the generator is 
sufficient, since power has only to be supplied there. Tl>e heat to lx: supplied to the 
generator contains, apan from the enthalpy of the expelled vapour, the (seat of absoiption 
released. The coefficient of performance during a single-lift absoiption process rs therefore 
always under 1.0. and in commercial machines is typically between 0.5 and 0.8. 
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The rich solution from the absorber, prc-hcated by a heal exchanger, is supplied 10 the 
generator (specific enthalpy h„). The specific heating energy of the generator related to the 
vapour mass flow is termed From the generator, heat is removed by the expelled v apour 
lh,). which must first be freed in a rectifying column from any solvent sull present. The 
rectification heat <r/,| freed by this condensation is part of the dissipated heal. Furthermore, 
heat is dissipated from the generator by (Ike discharge of the hot pool solution <h,. 


relnucrjnl vupour 1'nim generator m, A. 


r eel it) 


poor solution thim venerator 


rich solution to ocncralor ,nlul * m 
m. V. h.. 

exchanger 



generator 


Fitmrc 4.3K Ene rg y Kilanccx of ihc 
generator with rectifier ami heal 
exchanger between the hoi poor 
dilution anil cold rich solution. 


The energy balance teluted to the va|toui mass (low ih thus leads. 



+ ft 

ih 


• / 


I-J 921 


Using the specific backflow relation f = — tliete follows 
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Instead of ihc enthalpy difference between A,,, and A,, at the generator entry and exit, 
the enthalpy difference of the poor and rich solution at the absorber entry and exit A„ B and 
h r .a can also be used. 

(494) 

S. — S ( > 

Rei7r/ica/iV»n hetuq m 

The rectification calorific losses depend on the ammonia concentration at which the 
expelled gas leaves live generator, i.e. which equilibrium between solution and vapour is 
present. The puiest possible vapour mass flow m leaving the rectifier is the v apour mass 
flow mj produced in the generator minus live liquid quantity condensed in the rectifier m J 

(4.95) 

w itb the ammonia concentration 

"•. 5 . ="•;£' ( 4-^61 

From this results for the mass Hows 

rt ! = jr~T- («•”> 

The lower il>e original ammonia vapour concentration 4! > n the generator, the higher 
the condensing liquid mass flow fix and the rectification beat become. 

(4m 

The energy q m released from the rectify ing column, related to live pure vapour mass flow 
rh ,. therefore results from the difTerenee between live initial vapour enthalpy m,h‘ and 
pure vapour m. A, and the eondeased liquid enthalpy m ,,A V . 
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(4.99) 


To the enthalpy of the liquid h#. there foie, the enthalpy is added which results from the 

k—b- 

gradient --—— multiplied by the concentration ditleieuce of the pure vapour Ui tftie liquid 

S* “VT 

. Fmiti the combined eiuhalpy-cunceruration diagram, die enthalpy of the pure 
vapoui and the rectification heat can he read off. 



Figure 4.39: Determination of the rwlilicatiun heat at a concentration of solution of 20% and an 
initial vapour concentration of 793% at 20 X 10 5 Pa 


From the gradient of the enthalpy difference as a function of the concentration difference 
the result is. at a vapoui concentration of 1 . 0 . i e. pure ammonia, the sum of die vapour and 
rectification entJialpy </„,• 

Example 4.20 

Calculation of the rectification heal using Equation (4 99) for the two concentrations of volution 0.2 
and 0.5 at 20 X 10 Pa total pressure*, if the exiting vapour u to haw an Nil* concentration of 100* n 


Mutinn cancmtratkm |—] 

ft. l-l 

It, / (kj/kg] 

fifliu/ksl 

ft. lU/lul 

*» |U/i S | 

02 

0.74 

1867 

553 

1295 

1206 

0.5 

0.98 

1439 

181 

1295 

195 


At low solution concentrations* it is far more important to supply the rectification beat to the pnicca 
than at high concentrations with high initial vapuur purity. 
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The temperature in ihe teclifiet results faun Ihc desired vapour purity. The pure vapour 
is in equilibrium with a liquid whose tcmpcratuic must be all the lower, the purer the 
vapour has to be. 


Absorption heat 

To complete the energy balance of tire generator using Equation <4.94>. tire absorber 

A--*.- ,, 


balance (£, -f. 


still has to be created. which result* from the 


enthalpy difference between ilk? poor ami nch solution at the absurber entry and exit, and 
which i> also described in the Inicatuic as /i*. For tlk? calculation, giving the degassing 
width and the desired vapour purity £ U sufficient. Tlk? enthalpy of die solution is 
calculated fin the low-ptesAurc level in tlk? absorber using Ei|uaiion (4 K7). 


Example 4.21 

Determination of the enthalpy ft k for degassing widths £ - & * 0.25 - 0.20 ur 0.52 - 0 50 at a low- 
pressure level of 5 X 10 1 Pa 


ZH 

ZH 

hr |U/lg| 

MUAkI 

MU/kgl 

0.25 

020 

206 

2*6 

994 

052 

0.50 

—85.7 

-73.7 

372.2 



Figure 4.40 Enthalpy h t \r( the hm and high 
eoncenirulinns ol solution 
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Coefficient of performance 

Taking into account the rectification heat it,,,, like enthalpy ot' the pure vapour h, and the 
enthalpy balance at the absorber, the coefficient of performance of the absorption cooler 
can now be calculated for different evaporator temperatures and pressure levels. The 
concentration of solution in tire absorber is adjusted to the evaporator pressure level, i.e. it 
is so high that at evaporator pressure, refrigerant can still be absorbed. If low evaporator 
temperatures are to be achieved, live concentration of solution is lowered. With a 2CKS poor 
solution, absoiption can still take place at a pressure level under (O’ Pa. i.e. at an evaporator 
temperature of -30"C. To accelerate live absoiption process, the vapoui pressure ovei the 
solution in the absorber is selected higher than the equilibrium vapour pressure. In the 
following example, the absorption process is considered at an evaporator temperature of 
-IO°C (corresponding to a pressure level of 2.75 x !<r Pa), and the solution is degassed to 
2(KS refrigerant concentration. Alternatively, a process with a higher evaporator 
temperature of +5°C is analysed, w hich enables higher concentrations of solution. 


Table 4.6: tlinmdary conditions for two absorption processes with low and high evaporator 
temperatures. 


No. 


£1-1 

Evaporator 
temperature T t |*C| 

Evaporation 
enthalpy h, |kJ/kg| 

Vapour pjvtsure 
ei aporator (Pa) 

1 

0.2 

0.25 


1296 

2.75 X 10’ 

2 

0.5 

0.52 

+5 

1258 

4.85 X 10* 


Table 4.7: Knthalpies and performance figures of two absorption processes. 


No. 

Rectification 
heat qm 
IkJAgl 

Enthalpy of 
pure vapour /i, 
IkJ/lgl 

Absorption 
enthalpy h.% 
lu/kgi 

Generator heat q % (ki.'VgJ 

corn 

1 

966 

1290 

994 

1206+ 1295+994 = 3495 

04 

2 

195 

1295 

372 

195 + 1295 + 372 = 1860 

0.69 


The performance figures can be improved if both the rectification heat and the heat of 
absoiption dutmg the process are recovered and used, with the usability of the heat 
dependent on the temperature level of the freed heat. The heat freed in the rectifier at high 
temperatures can. for example, be used to pre-heat the cold rich solution (lowing from the 
absorber. The heat freed in the absorber develops especially at high solvent concentrations 
at low temperatures, and is often released unused to the environment. In single-lift 
absorption refrigeration systems, real performance figures of approximately 0.5-0.7 can 
thus be achieved. 
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4.3.5 A bsorplioi i technology anil solar plants 

The temperature level necessary in ihe generator results, as already shown, from the 
operating conditions of the condenser and absorber (water or air-cooled) and from the 
evaporation temperatures or the concentration of solution of the system. The solar plant 
often has to supply a temperature level over KXPC via a heat exchanger. Conventional heat 
storage with buffer stores is necessarily affected by high losses due to the high temperature 
difference from the environment of around 70-100‘C. Cold w ater storage is more sensible, 
due to the lower temperature difference from the environment, particularly since energy 
already convened is then stored. Tire storage capacity is limited, however, due to the small 
usable temperature range of a few Kelvin (10 K at most, using cooled ceilings). Of future 
interest are concepts for storing condensed refrigerant in the cooler itself, which can then be 
evaporated if there is insufficient solar irradiation. 

With live given temperature level of tire solar circuit, the efficiency of the solar plant and 
the suifaee-related performance are determined. Via tire real performance figure of the 
cooling process tire necessary surface of the solar plant can be determined at a given 
cooling load w ith a maximum iiradiation of I(XX) W/m\ 

The buffer store volume on the primary side or the cold-water side should be designed 
for short-term energy storage of 1-3 days. 




5 Grid-connected photovoltaic 
systems 


Pltotovoltaics (PV) means the direct convention of short-wave solar inadiance into 
electricity. Today's market is dominated by semiconductor solar cells on the basis of 
crystalline silicon, but new technologies based on plasties, organic materials or thin film 
cells with diverse semiconductor combinations are increasingly achieving marketability. 

Solar modules as direct current producers are connected to the 230 V' low-voltage 
electricity grid in systems with about I kNV to I MW of electrical power. The inverters 
necessary for this are available on the market with a wide input voltage and power range 
with efficiencies of over 9O0r. 

Photovoltaic systems are characterised by an extremely modular structure, since in 
principle each module, connected with an inverter, can act as a producer of alternating 
current. By encapsulating tire extremely thin semiconductor cells in a glass-glass or glass- 
plastic combination, photovoltaic modules are particularly suitable for integration in 
buildings, since tire usual gla/ing constructions can be used. Only the presence of cables 
differentiates a photovoltaic module from tire use of conventional gla/ing. The components 
necessary for the system engineering, such as circuit-breakers, fuses and inverters, can be 
placed anywhere in the building tor even outside), and take up very little space. 

The almost limitless dimensions and designs of photovoltaic modules, tire selectable 
module colour design and the possibility of partial transparency offer special architectural 
possibilities, in particular for facades. The thermal aspects of integrating photovoltaic* in 
buildings are considered separately in Chapter 6. 


5.1 Structure of grid-connected systems 

A mains-connected photovoltaic system consists of a solar generator, an inverter, and 
switching and protection elements. The solar generator consists of PV modules with powers 
between 10-50 Watts <W> for PV roof tiles. 50-110 W for standard modules, and up to 
around 600 W for large-scale modules. The connecting of the PV modules depends on the 
DC (direct current) voltage level of the system, which can be in the low voltage class below 
120 volts up to power levels of 5 kW. requirtng little effort for safety, but which 
rncreasingly covers the voltage range of 200-500 Vac. To reduce assembly time, module 
wiring boxes with the usual screw connections ate increasingly provided with nulti-contA-t 
plugs, so the PV-generator connection can be perfor med by people other than electricians. 
The cables of tire modules connected in series are combmed into parallel strings in a PV 
junction box contaming over-voltage protection and possibly string diodes. From there the 
direct current main cable leads to the inserter. If eaeh string ts provided with its own 
inverter live junction box is omitted, a concept which has even been implemented in very 
large systems in the Megawatt range. 

A DC circuit-breaker before the rnverter enables disconnection of the system for 
maintenance work at live inverter, but it is not necessary for safe functioning of the PV 
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system. Monitoring thr mains voltage ami disconnection of the PV system during mums 
power loss is usually integiatcd in the invenet. but the PV system must also be 
disconneetable manually from the mains after the inverter. Up to 5 kW power, single-phase 
supply to the mains ts normal, and only with inoie power are three-phase inveitets used. 



The invenet converts the photoYoltaically produced direct eunent into alternating 
CUirent. which in building-integiated systems is fed into the 2311 V low-voltage mains. 
Inverters are available in a wide capacity range for single modules (50-100 W) up to large- 
scale installations or several 100 kW. 

Module-integrated small invetters increase the modularity of PV systems and make 
possible the usual AC wiring, but they require more material to produce and. at low power, 
have rathei low efficiencies. 



Figure 5.2: Module invenei ssith one inverter per module. 

Suing inverters with up to I k\V pcifsnmance ate often used today to simplify DC 
interconnecting and to decouple the individual module string* from each oilier. The lugh 
DC input voltages, due to the series intetconnecting of all modules m the string, result m 
higher requiicments for electrical safety than sy stems below 120 Vo,. In tlie power range 
up to 5 kW. a Variety of devices are available, with very good transfoimation efficiencies of 
over 90 r *. 
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I tunic 5.3: PV system with string inverters. 


In mxlci in reduce materials and costs and to lower the 
weight and size of the inverters. transformerless inverters 
are increasingly being developed, their power electronics 
supplying a sinusoidal current at a DC voltage level above 
the mains voltage. 


5.2 Solar cell technologies 

Today’s solar eell market is dominated by etystalline silicon technologies, with a market 
share of over 8056. While live best small-dimension laboratory cells (2 cm X 2 emt achieve 
efficiencies of some 2504. the world-wide highest module efficiency is about 2356. There 
are mono-crystalline modules with up to 1406 efficiency and polyerystallino modules with 
around 1206 efficiency on the ntaiket. 

Thin-filin cells based on amorphous silicon are manufactured both for consumer 
products of small power and also as modules fot power plants or building applications. By 
using extremely thin double- or three fold diodes, the pioblem of light-induced efficiency 
degradation can be reduced. Amorphous silicon cells are applied both to flexible metal 
substrates and to coated glass and achieve stabilised efficiencies of 5-8'* . 

New dun-film technologies on a cadmium telluudc (CdTe) oi coppei-indiuin-diselemde 
(CIS) basis are now entering the market. Developments in the field of polyciystalline 
silicon tliin-tilnt cells arc premising, due to savings on materials and lower costs at high 
yields. 



5.3 Module technology 

Standard modules are encased hy polymer layers or cast icsin between the front glazing and 
the back substrate leithei gloss or a plastic-aluminium matciial combination). The 
commonest encapsulation material is a co-polymer of ethylene and vinyl acetate (EVA), 
which is put on both sides between the eell aiul substrate, and is polymerised by heating in 
I40-I60°C after evacuation in a vacuum (animator (to prevent air bubbles). Hie 
degradation of the polymer by UV radiation can largely be prevented by tbe addition of 
stabiliser materials. Large-scale modules are usually encased using east-resin technology 
and are manufactured nowadays up to 6 nr in size. 
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The outside glazing of a PV module consists of iron-poor glass, which is p re-stressed 
for sufficient mechanical stability either thermally (3—1 mm glass strength) or chemically 
(2 mm glass strengtht. As a back glass substrate in glass-glass modules, safety glass is 
normally used. Franieless modules are fastened with profile systems or glued to a frame 
construction as a stiuctural glazing system. Modules with aluminium frames are often used 
if building integration is not required. and are mounted on top of the roof or in front of cold 
facades. 

Besides building-glass constructions with photovoltaics. a variety of photovoltaic roof 
tile systems are available, in which a special plastic frame construction takes on roof tile 
functions such as impermeability to driving rain and rain run-off. and which are easy to fit 
on roof slats and connecting to adjoining standard tiles. 


5.4 Building in(c"ralioii and costs 

The cost allocation of a roof-mounted standard system is dominated by the PV module 
costs, about 50%. About 5% is spent on the DC wiring. 2CKS on the inverter and safety 
engineering, and 25*$ on assembly. In the last ten years a clear cost reduction in the system 
price has taken place: while at the beginning of tike 1990s the price per installed kilowatt of 
power was on average about 12 500 €. in 2002 PV standard systems priced around 
6000-7500 C were available. 

PV module costs tends to rise with sophisticated building integration solutions, since 
special modules with particular semi-transparency or colouring and no standard dimensions 
are often selected. Taking as an example the back-ventilated structural glazing construction 
of a public library in Matard in Spain, the cost structure can be examined in more detail and 
compared with other facade constructions. The cost allocation of the back-ventilated PV 
facade includes 2.5 nr' glass-glass special modules stuck to an aluminium profile 
construction with double glazing at tike back, the DC cabling, the inverter and tike mains- 
comtected safety engineering with total costs of 1167 Cm*. 


gnu 


connection 



Figure 5.4: Cost allocation of a 245 m‘ PV warm facade as a percentage of the total costs of 
1167 f/m : . The PV facade was eonstrucled in 1995. 
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In addition 10 ihc tack-ventilated facade. 325 m 1 PV roof sheds wilh 50 \V framcless 
standard modules are integrated in the building. The sheds are also haek-ventilated and 
stuck to the profiles as a structural glazing construction, the back double glazing being 
replaced by an insulated panel. The total cost of the roof shed construction is 1051 €/nr. 
with the PV modules dominating the cost here too. For comparison, the cost structure of a 
conventional curtain facade with laminated glass (6 mm » 6 mm I and of a cold facade with 
PV standaid modules are shown (information from the photovoltaic facade company TFM 
Barcelona). The surface-related system engineering cost of standard modules are somewhat 
higher than in the facade special modules, due to higher electrical elficieneies. 



figure 5.5: Cost allocations for different facade systems with and without photovoltaic modules. 


5.5 Energy production and the performance ratio of PV systems 

The energy yield of a photovoltaic system is indicated in kWh of electricity supplied, and 
related to live installed peak power in kW„ under standard rest conditions <STC). i.e. 1000 
W/nr irradiancc and a module temperature of 25C. The measured yields of mains- 
eonneeted systems under German climatic conditions are between 700-1000 kWIv'kW-. 

To be able to identify an irradiance-independent characteristic figure of a PV system, 
the AC energy produced <£«» is related to the measured iiradiance on the module plane G„ 
resulting in an average system efficiency r)„ r This efficiency is compared with the nominal 
efficiency of the photovoltaic generator under standard test conditions: 
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The relation of the two efficiencies is described as the performance ratio PR and is 
typically between 55% and 80%. Instead of the PV system and irradiance energies (in 
kWMm*). power ratios can also be used tin kW) to calculate the performance ratio, but the 
result is then only valid for the one given boundary condition. 


PR: 


£ 


AC 


'571 


*AC. 


P 

s DC STC 




1 . 

1m 


(5.l| 


The wide value range and ihe size of the lasses. from 2CKS co as high as 45%. make 
desirable a more exact loss analysis and performance monitoring of PV systems. 

For this, the performance ratio can be subdivided into PV module losses. DC 
interconnecting losses and AC transformation losses. Like the performance ratio. the aetual 
IX? generator energy or power produced is related to the nominal power under standard test 
eonditions and is irradiance-corrected. The Module Ratio MR is defined by: 



15.21 


and contains the power losses of the module due to temperatures above 25'C. deviation 
from the rated power at low irradiance. and possible shading of individual cells in the 
module. 

The Ana) Ratio AR contains both the module losses and also power losses due to the 
DC wiring of the generator and adjustment losses by interconnecting non-identical 
modules. 




(S3) 


The Performance Ratio PR contains ftnally the losses of the inverter by the 
transformation of DC into AC. 

S.5.1 Energy amortisation times 

The use of photovoltaic systems is only woithwhile in energy economic terms if the energy 
expenditure in producing the entire plant is clearly lower than the energy quantity produced 
during its life span. 

The energy amortisation time of photovoltaic systems is dominated by the energy 
expenditure in cell production. The primary energy expenditure to produce a kW of 
installed photovoltaic power (about 6-8 m* of surface depending on module efficiency) is 
about 2500 kWh/kWp (Palz and Zihetta. 1991). How many years it takes to produce this 
energy mainly depends on the irradiance on the PV generator, i.e. on the geographic 
location and module orientation. 
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With a power production of SOU kWIVkWp. the energy amortisation pci rod is 3.2 yeuis. 
On a south-facing facade with an energy production of about 7(Kt of the maximum yield, 
the energy amortisation period increases to 4.5 years. 

Manufaeturei warranties for PV modules now cover 10-20 years, and Use life span can 
be set at over 25 yean. A very long PV module life span is possible, as encapsulation 
permanently protects the cells from harmful environmental influences, m particular 
humidity. Initial industrial tests to recycle solar cells from modules have shown that the 
solar cells themselves display no sign of degradation even after 20 years, and can lie 
encased again us new modules with very small losses in (vrlonnance. 


5.6 Physical fundamentals of solar electricity production 

In photovoltaic cells, solar irradiance is converted directly into electricity. The short-wave 
irradiance is absorbed by the solar cell and produces free electrical charge earners m the 
conduction and valence bands. 

Suitable materials on a semiconductor basis for solar cells have energy gaps between 
the valence and conduction bands which are adapted to solar irradiance. A compromise 
must be found between high current generation with a small gap. where long-wave solar 
irradiance can lie absorbed, and high soilage production with large gaps. The highest 
efficiencies can be obtained with band gaps between 1.3 and 1.5 electron Volt (eV|. c.g. 
indium phosphide with 1.27 eV. gallium arsenide with 1.35 cV or cadmium relluride with 
1.44 eV. The currently most fiec|uently used crystalline silicon has a rather low band gap of 
1.124 eV (Goeuhergcf cl «/.. IW7|. 


r 



Figure 5 6: Hand gaps and diarge carrier production in a photovoltaic cell 

The limiiaiion of the theoretical maximum efficiency of a solar cell to 44'8> is caused 
mainly by the width of the solar spectrum. Starting from an energy given by the hand gup. 
electrons are lifted from the valence band into tire conduction band. Higher-energy photons 
of tlic solar spectrum are likewise absorbed, hui transfer il»c surplus energy relative to lire 
gap rnio ilvermal energy. Furthermore, iliere is always a pari of the long-wave solur 
irradiance in the infrared that is not absorbed. 
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Figure 5 7: ThcnrrbGBlly potublc efficiencies nf %olar cells 
Fxample 5 1 

Calculation nf the maximum ivavelcngth of* the wilar spectrum still ubiorbed by the following solar 
cell nulcruU. crystalline silicon with a hand gap £, u . of 1.124 eV, CcfTc with — 1.5 cV and 
amorphous silicon with • 1.7 cV, 

The conversion of the hand*gap energy E fat , into the wavelength A by means of Planck’s equation 
results in tlic longest wavelength of the raJiatwn still ahsortied: 

£ '- =Av= T [j] 


with 6=6.626 X lcr‘A. f = :w« x 10’—. q = 1.6021 X l<r*<b 

I 

«i*h A[n] 


Photon* of greater wavelength are beknv the bun!- gap energy and eanrutt he ahwrhed Crystalline 
silicon therefore ahuirix to X< l.l x 1(1 ' m. C'lTTe to X< 0.826 X 10*mand amorphous silicon to 
0.729x10 m only in the vtuhlc. due to the high gap The complete inframl radiation of sunlight is 
not absorbed by amorphous silicon and is partly responsible for the hnv efficiencies of this material. 
The gap of amorphous silicon can be reduced, however, by the aldition of germanium. 

The electrical field within the photovoltaic di<xk is produced by endowing the 
scinlconduetot niateital with foreign atoms. If the letiuvalent silicon is endowed with 
peniavalcnt phosphorus. free electron chatgc earners (negative or n-doting) develop Then 
if the oihet side of the silicon wafer is doted with trivalent boion atoms (positive or p- 
doting). an electron deficiency develops there. The lice electrons diffuse into the p-doted 
atea and thus create an electrical field, the p-doted section now displays an electron excess 
in the boundary layer and is negalive. the n-doted section has an electron deficiency and is 
positively charged. The electric field is in equilibrium with live diffusion process, 
preventing further electrons of the n-doted layer front moving to the p-layer. 
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It free charge canine aie now pioduccd by photon absorption, they sunt to diffuse due 
to the concentiation gradient, which is produced by the exponentially decaying absorption. 
Electrons diffusing to the n-aiea tire the majority earners and can leave at the contacts, 
whereas they remain minonty carriers at tl»c p-side and recombine. The increase of election 
density in tire n-aiea leads to an increase in ixxential (so-called quasi-Fermi level), and the 
increase of holes decreases tike hole potential and live difference gives the voltage level 


p-area space charge region n-aieu 
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Figure 5.8: Electrical field and movement of the eliarge comers 


The photocuirent thus (lows m the opposite direction to the forward current of a p/n diode' 
The photocuirent produced is always a direct current (DC). With AC technology most 
common in buildings nowadays, an inverter must !>c introduced between the solar generator 
and electricity consumer to convert DC into AC. 


5.7 Current-voltage characteristics 

Photovoltaic cells are photocuirent generators whose electrical characteristic is determined 
by the superposition of a diode characicristic and a voltage-independent photucurrcnt in 
good approximation. The voltage pioduccd by the photodiode is reduced by series 
resistances of the material and the metallic contacts, and pait of live photocuricnt produced 
flows off due to finite bypass resistances. Tire cuirent usable in live ouiei electrical circuit 
results from the photocuirent minus the diode and shunt losses. The voltage across the 
internal photodiode is obtained from live outside voltage measured at the contacts plus the 
voltage drop over the series resistances. 

5.7.1 Characteristic values ami efficiency 

In an open outer electrical circuit (total value of current / = Oi the maximum voltage is 
generated, this is called tlic open circuit voltage. V.. In a slum electrical circuit (voltage l’ 
= 0 ) the short circuit current /„ is obtained. 

The electrical power /’ of live solar cell is calculated by the product of the current and 
voltage. 

(5.4) 


/»■/ x V [II ] 
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The performance curve indicates a sharp maximum near the open circuit voltage; this is 
called the maximum power point (MPP). 



voltage [ V) 


Figure 5.9: Current-voltage characteristic (bold! and power curve < thin) of a single nxmocryiljllme 
solar cell with 100 cm ! surface. 

All characteristics were calculated using the simulation environment INSEL 
(Schumacher. 1091). The efficiency of a solar cell is calculated from the relation of the 
surface-related power produced at the MPP point and the solar irradiatwe C. 


1 


P. 


A xC, 


fS.S) 


Depending on the reference selected for the surface A. the cell efficiency or rhe module 
efficiency is calculated. 


5.7.2 Curve fillings to the current-voltage characteristic 

The best curve fitting to measured current-voltage curves of a crystalline solar cell is 
obtained from the mathematical description of an alternate circuit diagram characterised by 
the parallel connection of two diodes with tlve diode saturation currents and l iC . and the 
diode factors n, and m. the so-called two-diode model. In the alternate circuit diagram a 
current source produces an irradiance-dependent photocurrent /„,. part of which Hows off at 
the diodes due to charge cairier recombination. The current loss caused by low resistance at 
the edges of the solar cell is characterised by the shunt resistance R,. w hich lies parallel to 
the diodes and the current source. If the voltage at the contacts of the solar cell, i.e. at the 
consumer, is called V. then the somewhat higher voltage V + IR. applies to all the parallel 
components. R, is live series resistance of the solar cell across which a voltage drop 
develops proportionally to the current I. 
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* V 



Figure 5 10: Allcmalc circuit diagram of a tolar cell in the nvixliodc incKlil 

The two-diode model is represented by an implicit equation of tlte curieni. which can 
only be solved iieraiivcly. 






15.61 


n : : Diode faclois |-| 

lot. Saiuiaikin cuireni from base |p-silicon) and eminer (n-silicun) | A| 
/„•: Saiuiuium cuireni in the space-charge /.one |A| 

I,.,: Photocuricni of ihe solar cell | A| 

R,. Seiies resistance [Q| 

R t ,: Bypass resistance [&] 

L Bolumann constant 11.38046 x 10^’ J/K| 

q: Elementary charge 1 1 .<>02 x Mr w C| 

T: Temperature |K| 


Diode factors and saturation eurrents 

The two diode equations with the saturation cuncnts / : ,| and L,> and with the diode facton 
/i, and ii; describe diffusion and recombination characteristics of the charge earners in the 
matenal itself (index I) and in the space-charge zone (index 2 ). Phoio-gencrated chaige 
carriers must first diffuse into the legion of the electrical field, to be separated there by the 
internal electrical field. If they lose their energy during diffusion by dropping hack again 
directly into the valence hand ot recombining via defect levels in the hand gap. the 
saturation eunents rise and the usable phutocurrent is tedoccd. 

The saturation current depends on the diffusion coefficient and on the life span of the 
photo-generated charge curriers outside the space-charge zone. From the exponential 
dependency of the chaige earner concentration on the vullage, the diode factor n, = I 
results. The temperature dependence of the saturation current loi is nnn-lmeoi. 




15.71 
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with 

C 0l : Temperature coeffieient obtained from parameter fitting |A K“'| 

£^ Band gap (J or eV). e.g. crystalline silicon: 

1.I24cV ^ 1.6 x 10'“’x 1.1247 = 1.8 x 10 _, V 

The second diode describes ihe recombination of ehatge carriers in the space-charge 
/.oi>e. The saturation current Ac rises with charge carrier density and w ith the recombination 
rate. The diode factor >r ; = 2 can be deduced by recombination of charge carriers at defect 
levels in the center of the hand gap. The temperature dependence of /,• is given by the 
following equation; 


'„=C^*exp<--fL) 


2kT 


15.K1 


The values of the temperature coefficients ate obtained from parameter fits to the 
current-voltage characteristics. The value range for a cell with a surface of 100 enr is 
typically for Coi between 150-180 A K'\ and for Cm between 1.3-1.7 x 10-2 AK* V \ 


Series resistance 

The series resistance R, consists of the internal resistance of the solar cell and the contact 
resistance. Since w ith stronger iriadiance the current density increases, the power losses at 
the series resistance also rise. Tire surface-related series resistance r,,„i of an industrially 
manufactured solar cell with a surface of 100 cm" is typically about 10“*—10~* Dm', 
approximately half being caused by metallisation at the from and live remainder by the 
internal cell resistance and other contact resistances. The entire series icsistanee of a solar 
module results from the surface-related cell resistance r„„. v | 12 m~) multiplied by the 
number of cells it, connected in series. The total series resistance R rm j (Qnr |. often given 
as an absolute value, is obtained by: 


[»] 

= R . [ Qm ‘l 


(S.9| 


In particular, the series resistance influences the gradient of live cuirent-voltage 
characteristic near the open circuit voltage and can be determined in a simplified model by 
the gradient of the characteristic at the open circuit voltage V„. 


R. 


dV 

d! 




(5.10) 
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Figure 5.11: Influence of Ihe 'inn resistance (111 on lire current- milage clunclnuiic of a nuxlulc 
with 36 cells 

With rising series resistance. ihe gradient near ihe open circuit voltage decreases and the 
current-voltage curves flatten. A module senes resistance of 0.036 12 corresponds with 36 
cells in senes to a cell resistance of Iff Qui*. 36 12 correspond to a cell resistance of Kf' 

12m'. 

Shunt resistance 

The parallel or shunt resistance R p represents the leakage cuirent. which is lost mainly in 
the |Vn intcifacc of the diode and alone the edges. During a series connection of cells, the 
reciprocal resistances add up. i.e. for n parallel-switched cell strings and the same shunt 
resistances for each cell (i? r , = R,, ; a..=R )t ) the total resistance is as follows: 







[Q^, )= '• 


(5 11 ) 


Typical values of conuneicial silicon cells aie between 0.1 and 10 I2n\ The module 
manufacturers often give an absolute value in 12 fur tlic shunt resistance. 

The shunt resistance influences tlic gradient of the current-voltage characteristic within 
the area of the short circuit current and can be dctcimiived approximately from live gradient 
of the characteristic at the point of the short circuit current. 
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Figure 5.12: Influence of the shunt resistance |12| on Ibc current-volt age characteristic for a module 
with 36 crib in verier 

At j cell surface of I (HI cm*, a module resistance of 0.1 Q corresponds lo j cell resistance 
of 10" Qin\ 10 Q correspond to a cell resistance of 10"' Qm\ 


I xamplc 5.2 

On the dim shed of a large scale module with 3 parallel urines of 54 cells cadi < MX) cm* turfrcc}. a 
senes resistance of 0.3 U anil a shunt resistance of 150 12 are indicated. From these salucx the 
surface-related cell resistances are to be calculated. 

Senes resistance* 

it 54 

The surface-related total resistance of the nuxlulc results from the product of the cell resistance and 
the number of cells in scries, and is 3 X 10“’ 12in\ 

B\pass resistance: 

r, ..i [u>n 1 ]= 1 50Q w 1 ir* m‘ X3 = -LSQm 1 

r^[a™-]= *_[QR, M=2^&L] =1 .5U* 

'I 


Phoiocuirenl 

The photocuncni ul a solar cell depends nm unly ou ihe wavelength-dependent ahsoipium 
coefficient* bui also on ihe diffusion and rocombinailon characteristics of ihe niaicual 
Wilh sufficient accuracy ihe phoiocurieni can be approximated as linear-dependent on 
■irudiance and lemperaiuie. 
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•(l + °. ( T n -Tprsn )) 


STC 


(5.13) 


Gael Irradiance under standard icsi conditions 11000 W/m") 

7 Pl . Module temperature under standard test conditions (25°C| 

In the data sheets of the module manufacturers, like temperature coefficient of the 
current per Kelvin is indicated as a percentage or in absolute units |AK~'|. The temperature 
coefficient a, is usually very small and positive (about 0.03-0.04% of the short circuit 
current per Kelvin). Neglecting the vciy small diode current, the photocurrent can be 
equated to the short circuit current hi. 


Curve fitting of the tuo-diode model 

For an adjustment of the six unknow n parameters of the two-diode model to measured data, 
the error function of the measured currents at a given voltage, irradiance and temperature 
and of the simulated cuirents must be minimised. 



(5.14) 


With little mathematical effort, i.e. a linear regression, only the parameters l M ,,,■ and 
a, can be calculated fiom live linear irradiance-dependence and temperature-dependence of 
the short circuit cunent. The remaining parameter set can only be determined by gradient, 
raster or genetic procedures (Pukrop. 1997). 


Example 5.3 

Calculation of the parameters /„ and a, of a Siemens M55 module from the following table of 
values measured. 


Irradiance G |\\7m*| 

Module temperature 7>v | ? C| 

Short circuit current /.vr |A) 

220 

30 

0.74 

510 

41 

1.72 

850 

54 

2.88 

1000 

60 

3.40 


To be able to carry out a linear regression of the temperature dependence of the short circuit current 
using Equation (5.13). the irradiance G must be eliminated from the equation, so that only the 
temperature dill'erenee from standard test conditions remains as an independent parameter. The short 
circuit current is thus divided by the irradiance. and the regression lor /„•'<» againn T n —T n is 

earned out. 
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Cwrent/irradiiwice I^nt^Osr r |AW" , «n*| 

Tcmperasure difference 7ft—JVrjrr 1 K| 

3.364 X ICr' 

5 

3.373 X ICT’ 

16 

3.388 X KT* 

29 

3.doo x icr’ 

35 


The linear regression produces xt axis intercept / |V , rn't'.srr “ 0.0034 AW'm'. i.e. a short circuit 
current /,« of .1.4A. and as a gradient - I X 10 ’AW’m'K" 1 . i.e. tt - 3 X 10 1 K” 1 

(<0.03%'K). 


5.7.2.1 Parameter adjustment from module data sheets 

To simplify parameter adjustment, the two-diode model can be reduced to a one-diode 
model in which, according to the Shockley theory, recombination in the space-charge zone 
is neglected, so the second diode tenn is omitted. The cunent-voltage characteristic is 
thereby simplified to the following implied equation: 



(5.1SI 


The irradiance-dependency of the photocuncni is characterised by the cuirent / M ,„ 
under standard test conditions using Equation (5.13). and the temperature-dependence by 
the temperature coefficient a,. The saturation current /„ = /.>, is likewise temperature- 
dependent and depends, based on Equation f5.7). on the fit parameter Co- 

Thus live six parameters a,, C„ R r » and R. must be determined for curse 

adjustment of the one-diode model. In the data sheets of the module manufacture is. 
however, usually only three operating points are indicated on the current-voltage 
characteristic (short circuit current at V’ = <1. open circuit voltage for 1 = 0. and the MPP 
values W V U rr) plus the tcmpeiaturc coefficients of live voltage a and the current a. i.e.. 
at most, five unknown parameters can be identified. 

The most admissible simplification for crystalline modules is the assumption of an 
initially infinitely high parallel resistance. After parameter adjustment a realistic parallel 
resistance can subsequently be set. The euirent-voltage equation for the parameter 
adjustment can he reduced to 



(5.161 


with the five parameters a„ C» R. and »r. 

The main problem with this simplified approach is that the current-voltage characteristic 
thus obtained correctly passes thmugh the given three points (/„. and / = 0 at V’«>. but 
the power so obtained is not necessarily tlie maximum power at V vrf . A futther equation 
will therefore be derived later, which uses the maximum power condition at V,,,,: 
d(vxl)>dvy mi =0. The equation for the parallel resistance can only be solved 

iteratively, so the simplified method will be presented fust. 
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Since ihe current-voltage equation can only be solved for one cell, due to ihc functional 
characteristic* of the exponential function, the module voltages V indicated in the data sheet 
must be divided by the number of cells n, connected in series. If several cell strings are 
switched parallel in the module, all currents used, including the current temperature 
coefficients, arc divided by live number of parallel switched strings n P and the characteristic 
is calculated first for one string. The characteristics can then easily be calculated by adding 
the currents at the same voltage. 

Parameter I: photoeurrent /,<, , 1 , 

The first parameter /,„ ,,, is obtained from live data sheet specification of the shou circuit 
current under standard test conditions: / >i nc = l astr . 


Parameter 2: temperature coefficient of the photoeurrent a 

The temperature coefficient of live photoeurrent a, is given in the data sheet. 


Parameter 3: fit paramctei of the tempeiature-dcpcndcnee of the saturation current C,. 
Similarly to Equation (5.71. Co is given in live one-diode model by 



(5.17) 


with E m = 1.124 eV = 1 .X x lO" 1 ' 1 J for crystalline silicon. 

The saturation cuircnt /„ is calculated from the data sheet specification of the open 
circuit voltage, which is indicated at live temperature T = T$ n. 



With this value of the saturation current /„ at T = T ir( , the third parameter C„ is calculated. 
The fit parameter n. however, still has to be determined. 


Parameter 4: series resistance R, 

From the operating point of live data sheet at live point of maximum performance, the 
parameter R, can be determined. Here. Equation (5.181 is used for /„. 


■uir 


es In 


( '..-is, 

{ 


rtkT ~ nkT 
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~~in HKr-K^V*. 


with R, defining the total series resistance of the module. 

Parameter 5: diode parameter n 

The fifth parameter is determined from the temperature eoeffieiems of the voltage a. 

indicated in the data sheet. In addition, the open circuit voltage V — In —is 

* 

differentiated by temperature. 
dt q (/,«(/))) 

=‘ ±, M (r)- ' —/„(!■)] (5.20) 

* ('.(/) I 1 (/.,(')•" ' W)dT ° y ’} 

The pboCocuncnl differentiated by temperature is given by the data .sheet figure Ok The differentiation 
of the diode saturation current by temperature produces: 


M2. c 


-ffiH 1 ) 


Insetting Equations 15.211 and (5.22) into Equation (5.20) produces 


nX |.f /„■(/) ^ /mA; « T 

•/ {unj •/ un [ 


-(3 + £^k:i 
*T 1 


The diode fit parametet it is thus calculable as the fifth parameter from data sheet 
specifications under standard test conditions: 



(5.24) 
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Kxamplc 5.4 


Calculation of the paranvtcrs /^m. <4- Co, and n of the standard modules SM55 and BP585. and 
of an ASK large-scale mixlulc from the following technical specifications of the dita sheet: 



Siemens A/55 

BP 585 

ASE 

Nominal power (W'| 

53 

85 

202 

Sheet circuit current l«* [A] 

3.35 

5.0 

8.18 

MIT cunent |A| 

3.05 

4.72 

8.1 

Open circuit voltage V*. |V| 

21.7 

22.3 

33 

MIT voltage V^V) 

17.4 

IS.O 

25 

Temperature coefficient of the voltage 

Ov |V/K) 

-0.074 

(-0.34%/K) 

-0.086 

MX39ttflC) 

-0.1 

(-0.3«/K> 

Temperature coefficient of the cunent 
(1) (A/K) 

0.00134 

(40MWK) 

+0.0025 

(+0.05%/K> 

40.006 

(-0.074%/K) 

Number of cells in scries n. 

36(3X12) 

36 (4 X 9) 

54 

Number of parallel strings n p 

' 

i 

3 


With the ASK module, first the current values J us I Airr and a. arc calculated for a string; with the 
values thus obtained the parameters are determined and the characteristic of the cell string calculated 
using liquation (5.15). Subsequently, at a given voltage the currents are added and so the total 
characteristic of the module is calculated. 

The live parameters result in: 



Siemens MSS 

BP 585 

ASE 

Parameter 1: ljr Src (A) 

3.35 

5.0 

8.18/3 = 2.73 

Parameter 2: tt| (A/K) 

0.00134 

0.0025 

*rrr*mm *i 

Parameter 5: n (•) 

1.015 

1.11 

097 

Parameter 3: C 0 (A/K 1 ) 

114.75 

731.96 

25.02 

Parameter 4: R, HI) 

0.66 

0.2844 

0.648 


If ilk! current-voltage or power characteristics of an SM55 module with characteristic 
values from the parameter identification process ate compared with the exact calculations 
of the two-diode model, then a good agreement of tlkr characteristics can be seen. The one- 
diode model overrates the performance by 0.6-1.4 W, which at high iiradianees amounts to 
1.5%. and at low irradiances 15%. 
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Figure 5.13: Comparison of the current ■ voltage and of the power churactcnshc of a SMS5 module 
using the parameter idcntllicalion procedure (bold curves) and the two diode model (thin curves). 


5.7.2.2 Full parameter set calculation 

If all six parameters of the one-diode equation are to be calculated, a further equation has to 
be derived for the parallel resistance, which uses only manufacturer's data. The equation 
used is tire deriv ative of the power to live voltage at the MPP point, which has to he zero at 
this point. 


,l(Vxl)>J !'| m =0 


(5.25) 


The shunt resistance thus obtained is given by 

r _ v wv'^ i icrr r i ( g 

" (w - C JJ «PK ) C 'K('W^w/. )f(^T ac /«,)-l)-( l0V ) 

using normalised current and voltage values for a single cell with surface area and n. 
series connected and n, parallel connected cells within the module: 

> = 

v « V/n. 
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As the equation for the series resistance r, now contains a term with the parallel 
resistance, both equations have to be solved together in an iterative process. 


nkT. 


m 



c , p {~ e »* >kT ™ )x(e»p(^K. )-i )\ 

~v. ' f ,)J~». ‘ ' <Tr<)'W j 


fX 771 


5.7.2 J Simple explicit model for system design 

The characteristic obtained from the parametei identification can only be solved iteratively, 
even if the shunt resistance is not considered. Only by ignoring the series resistances can a 
simple explicit connection between cutrent and voltage be obtained from Equation (S.15) 
which enables fast system designs. 



(5.28) 


Of the four parameters a,. C„ and n. the photocurrent under standard test 

conditions and the temperature coefficient of the current a are indicated in the data 
sheet. The temperature coefficient of tin* saturation current <7„ and the diode parameter n 
can be determined by three different methods: 

1. For parameter determination, the temperature-dependence of the voltage oi and cutrent 
a<. as well as two operating points of the characteristic at open circuit voltage and shoit 
circuit current are used. The parameters are calculated using the above equations of the 
identification method and only the series resistance is set at zero. In this case the MPP 
condition is not used and the MPP performance is overestimated at all irradianees. 
However, the temperature dependence of the performance and the open circuit voltage 
correspond well w ith real characteristics. 

2. As above, a, (for tl>c diode parameter »i) and a, (for the photocunent) are used. 
However, the saturation current /„ and thus C„ arc no longer calculated from the open 
circuit voltage condition, hut at the MPP point: 



(5.291 


This condition results in substantially bettei agreement for the power values: however, the 
open circuit voltage does not correspond with live real characteristic. 


3. Alternatively, the parameters can be determined from three operating points (with shoit 
circuit current, open circuit voltage and the MPP condition I and from live temperature 
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dependence of the cuireni. Here, however, ihe condition of the significant temperature 
dependence of the voltage is not used. 

The diode parameter n is now obtained from the MPP condition: 


<5.30) 


where /.»has been determined using Equation <5.18> from the operating point at open eircuit 
voltage. If /„ is known, the temperatuie factor of the saturation current C,can be calculated 
using Equation (5.17). 

The use of lire MPP condition results in correct performances at 25 : C. At other 
iiradianccs and above all diffcient module temperatures, however, live performance is 
calculated with errois over 2CK5. so this calculation method is not recommended. 

In the following, live comparison of the characteristic calculation is carried out based on 
the exact two-diode model with series and parallel resistance and the three methods of 
parameter identification based on the simple explicit model. For this, current-voltage 
characteristics and power curves have been calculated at 11KK) W/nr uradiunee and a 
module temperatuie of 50"C. Method I clearly overestimates the MPP performance, with 
the open eircuit voltage resembling the two-diode value. Method 3 underestimates the 
performance and calculates the voltage level with a large error. The second method uses 
both the temperature dependence of the voltage and the MPP condition and results in by far 
the best curve adjustment. At 1000 W/m* irradiaivce and a module temperature of 50°C. the 
following performance curves are obtained for a standard module (calculated from 
manufacturer's data based on the simple explicit models and the two-diode model): 
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Figure 5.14: Comparison of the power curves of an SM55 module 


S. 7.3 l-V characteristic addition and generator interconnecting 

To calculate ihe current-voltage characteristic of a photovoltaic generator, the 
characteristics; of the individual modules have to be added. Here the voltage contributions 
V', of the modules j of the string j concerned are added in serial connection at a common 
current. Since the cuirents thiough each module ate equal in serial interconnecting, the 
current is limited by the shoit circuit current of the worst module <the exception being 
shading with bypass diodes). 

In parallel interconnecting of the strings, the generator characteristic results from adding 
the respective stung cuirents /. at a given voltage between zero and the siring voltage. 


Fxamplc 5.5 

Calculation of PV generator power and voltage in the MPP point for a system with thirty'Six modules 
of 53 W MPP power <17.4 V MPP xxillagc), which is divided into nine string*, each with four 
modules connected in scries. 

Senal interconnecting: 

For the four senes connected modules the MPP xvdtagcs are added at equal current (/ u - 53 \\V 
17 .4 V - 3.05 A). 




wv 


♦ 1 W—vv j +••+ 1 .. = 69.61' 


Parallel interconnecting: 


For the nine strings joined in piratic). the string currents tin each ease 3.05 A) are added at equal 

voltage 0W.M.-C9.6 V> 
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£*%**«? Iu?r Jovvi * f\wSri*/.: *** + Awr“ 27.45.4 


The system thus has an MPP oprrattng point under standard test conditions of 69.6 V and 27.45 A. 
i.e. a DC* performance of 1910 W. 



figure 5.15: I-V characteristic of an individual module with thirty-six cell* in scries and addition of 
four senes connected module characteristics to the string characteristic. 



0 20 40 60 SO 100 


voltage (V) 


figure 5.16: Addition of nine parallel-switched PV strings, each with four module* in series. to the 
generator characteristic. 
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5.8 PV performance with shading 


S.&. I Bypass di<x!es and backw ards characteristics of solar cells 

If individual cells, of a module arc shaded, they produce a lower photucuircm than the 
unshaded cells. Since during a senes connection equal currents flow through all the cells, 
starting from zero current at open circuit voltage, live small phouicuncnt of the shaded cells 
at first limits the total current. The high photocuirents produced by the unshaded cells can 
be let through only within the backward voltage area of the shaded cells, with the shaded 
cells taking up power. Depending on the number of futther cells switched in series, the 
backward voltage can become so high that live breakdown voltage in the shaded cell is 
achieved and irrevercible damage is caused. 

The breakdown voltage V#, mails live backward voltage of a diode, at which instead of 
the extremely low saturation currents an exponential current use (avalanche breakdown 
with exponent m) takes place, in commercial solar cells between —10 and -30 V. The power 
dissipation in the shaded cell can become so high locally that the cell and plastic 
encapsulation are damaged. The characteristic of a solar cell w ithin the backward voltage 
area is described by an extension term in the one or two-diode model: 



(5.31) 


with a as the empirical fit parameter. The parameters for the description of the 
characteristic in the backw ard voltage area scatter very strongly and are not a constituent of 
the usual data sheet specifications. 

As an example, the measured breakdow n voltage l' Al of a polycrystalline cell is -15 V. 
the exponent m is 3.7 and the ft parameter a is 0.1. The current increase in the baekw ard 
voltage area resulting from tlvese values is very steep: thus the maximum photocurrent of 
unshaded cells of a standard module of 3.3 A is let through already at 8.3V, whieh. as will 
be shown, puts in question the usual application of one bypass diode per eighteen cells. 

Fust a module characteristic without external bypass diodes will be shown, in order to 
demonstrate live pioblems of the power uptake of the shaded cells and the over-proportional 
power losses of the module. From the total of thirty-six serial connected eelis of the 
module, one cell will be shaded with a remaining diffuse irradiance of 200 \Wm\ while all 
the other cells are utadiated with 1000 \V7nr. From the characteristic of the shaded cell and 
from live characteristic of the thirty-five unshaded cells already added, the module 
characteristic can be constructed. 
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-35 cells at 

lOOOW/ra* 

-1 cell at 200W/m» 

'common curve 

I 


voliagc |V| 

Figure 5.17: Consliuclum ol'a module clurjclcrislic with a shaded cell <200 W/m'l and thirty-five 
unshaded cells III senes. 

Ai a toial current value I = 0. ihe open circuit voltage of the shaded cell and the 
unshaded cell are as usual added up lo a total voltage, which does not differ from an 
unshaded module. If the total value of current is now slowly increased, all the cells remain 
in the positive voltage range up to the slum circuit current of the shaded cell. The shaded 
cell can only let through higher currents: than their short circuit current at negative voltages, 
with the total voltage constantly decreasing. At a total voltage V'„„, = 0. the shaded cell is 
most strongly negatively polaiised (here -8.3 V). while the unshaded cells display further 
positive voltages (namely +8.3V). The power uptake of like shaded cell results from the 
product of the cuirent and voltage, and is -8.3 V x 3.3A = 27.4 W. The power losses of the 
total module due to a single shaded cell are 47# ! If live backward cuirent of the solar cell 
did not use so strongly (as for a ‘’better" diode), live common characteristic would flatten 
even more strongly. 

To reduce the high negative voltages and the power uptake, bypass diodes with reverse 
current passage direction are switched parallel to the photoelectric cells, ideally one bypass 
tluide per solar cell. If the cuirents are then added at equal voltages, live characteristic 
hatdly changes for positive voltages, apart from the extremely low saturation cuirent of the 
diode. As soon as the shaded cell assumes values of around -0.5V lo -0.7 V. however, the 
bypass diode switches and the cuirent can lise exponentially. 

If this common characteristic is switched in series with the thirty-live unshaded solar 
cells, only small performance losses of live module are detected, since only very small 
negative voltages occur at the shaded cell. However, for technological production problems 
the concept of cell-integrated bypass diodes diffused into the solar cell has not yet been 
accepted. Leading out all the cell contact cables to mount external bypass diodes is too 
complex and expensive. As a compromise, the use of a bypass diode per eighteen cells has 
become accepted, i.e. in a thirty-six cell standaid module a total of three cell access wires 
must be led out into the external wiling box. 
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solar cell and 
bypass diode paiullcl 


solar cell 2<X> W/m* 


id 


bypass diode - 


Ct~\ 


-in -iji o.i) 1.0 

«***ivi 



‘"llJ’c |V| 


Figure 5.1 S’: Parallel connection of a solar cell with a bypass duxle (Iclll arul senes connection of 
thirty-live unshaded tells with ihe shaded cell with a parallel bypass diode. 

In the ease of one bypass diode per eighteen cells, a module characteristic with thirty- 
siv cells is constructed in whal follows, with one cell shaded. 

Fust the cell string consisting of eighteen cells is considered with the shaded cell and 
the parallel bypass diode. The chaiactcristic in the positive voltage range is dominated by 
the backwards characteristic of the shaded cell (similar to Figure 5.17>. Foi a total voltage 
of zero, there is a high negative voltage of -8.3 V at the shaded cell. The parallel bypass 
diode would only switch at a negative total voltage, and thus does not yet intluence the cell 
string characteristic. If the shaded cell stung is switched in series with the remaining 
unshaded cell string, tire result is a common characteristic which adopts the full cuircnt 
values of the unshaded cells below half the total voltage. The shaded cell stung then goes 
into the backward voltage aiea and eitlter switches die bypass diode, or the back current is 
already so high that the photocunent is allowed through. 

With the steep backwards characteristic simulated here the bypass diode does not 
switch; at half the total voltage the shaded cell string has a Voltage level of 0V (•8.3V of 
the unshaded seventeen cells and -8.3V at the shaded cell), and the full current of the 
unshaded cells is allowed through. Only with flatter backwards characteristics does the 
bypass diode euntribute to the limitation of the power uptake of the shaded cells. 
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Figure 5 19: Module characteristic with shading of an individual rdl with one bypass diode per 
eighteen cell*. 

Only if a very flat backwards characteristic is assumed (ltere with a breakdown voltage 
of -25 V| does die bypass diode switch below the kink in like characteristic. 


5.9 Simple temperature model for PV modules 

Willi high irradiunce. the PV module temperature is usually above tire STC temperature ol 
25‘ I C. even at low ambient temperatures. The decimal power Purr »f a PV module 
decreases linearly with tire module temperature, the proportional decrease being calculated 
from the total of the voltage and current coefficients. 


1/(17) 


dV , J! ,, 

a,. 


_lf IT urr _ «, 

Purr P un 


1Wvrr I'xur 


<5 32| 


With aveiuge power loss coefficients 010.5-0.4% pet Kelvin, at usual module tempe¬ 
ratures of 5() C a performance decrease ol as much as 7.5-10% can he expected, which 
makes a simple model necessary to determine ihe module temperature. The model applies 
at first only to the simplest case of free-standing modules, for which simple assumptions 
con he made fur the convective treat transport and the radiation exchange with the sky and 
the ground. Tire tlteimal behaviour of special building integration solutions (double glazing, 
roof integration etc.) and associated performance reduction is considered in Chaptei 6. 

In the steady state case, a simple energy balance results in which the ahsoibed solur 
radiation O,. minus the electrical power and the thermal losse* by radiation Q, and 
convection O must equal zero. 
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Q',-P,-Q.-Q. =0 (5.33) 

The absorbed solar radiation is a product of PV module surface A. irradiance C and the 
effective absorption coefficient a. which includes both the ray passage through like glass 
cover and the absorption of live solar cell material. For this absorption coefficient, values 
between 0.7-0.'} can be used. 


Q. -aCA (5.341 

For long-wave radiation exchange between the module front and the sky. and the 
module rear and the ground, a simplified temperature difference is assumed in each case 
between the module and the ambient temperature 7„. and a simplified form factor between 
the module surface and an infinitely large confinement surface. so 

Q=2kA(T„-T a ) (5.35) 

with 

A,=«(£,.+r;)(7,,+ t;) (5.36) 

the emission coefficient of glass e = 0.88 being assumed and a desribing tike Stefan 
Boltzmann constant to = 5.6697 x 10"* Wm* 5 K J ). The temperatures are to he given in 
Kelvin. 

The convective Iveat (low is dominated at the module front by forced convection by 
wind forces as a function of the wind velocity v„>: at live module rear, depending on 
the installation situation, more by free laminar or tuibulent convection (h., „„ as a function 
of the temperature difference between the module and the environment). For the front and 
rear, a simplified common heat transmission coefficient h, is foimed for free and forced 
convection: 


A = +*'_ 


(5.37) 


with the simple approximations 


h =4.214 + 3.575 v 


i.i 


A =l .78(r„ -7:.) 

The heat flow by convection is tlven given by: 

Q =2 h,A(T n -T 0 ) 


(5.3K) 


15.39) 


The complete energy balance is thus described by 
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aGA-P<-h,A(T n -T. )-hA(r,, -r.): 
(a-i],(r„))G 




K{T")**(Trr) 


— T 


(5.40) 


with the e&cctncal power /J, = IJ #) (j. 4 used. Since both the beat transmission coefficients and the 
electrical performance depend on the nuxlule temperature. liquation (5.40) must be solved iteratively. 
Kxample 5.6 

Calculation of the PV module temperature and electrical power losses at 800 W/nT irradiancc. an 
ambient temperature of I0°C and a wind velocity of3tn's. The electrical efficiency under &andurd 
test conditions is 12% and the temperature coefficient of the performance is 0.4%'K. Tbc optical 
absorption of the module is set at 80 %. 

First iteration: Assumption of a module temperature of 50’C and calculation of h n ft t . lf § ,. 
h, — SJ? W/m’K 
ft . = 14.9 W/m : K 
ft - 6.09 W/m'K 
ft = 15.23 W/m ; K 

n* = ion's 

From this we can calculate the new module temperature: 


Second iteration: lleat transfers and electrical perforoiance at 36'C: 

fc,= S.I8 W/m J K 

ft„ = 14.9 \V/m : K 

K.(m s 5.27 W/m ! K 

ft = 15.11 \V/m ; K 

!) A = 11.47% 

\lixlule temperature after tbc second iteration: 

Tn = 37*C 


Third iteration. 
h,= 5.21 W/m : K 
ft. = 14.9 W/m’K 
ft.c„ = 5.34 W/m : K 
ft = 15.31 W/m ; K 
!) A = 11.42% 


Module temperature after tbc third iteration: 
7>v= 36.7® C 
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The electrical efficiency is 1 1.44%, i.e. the |XTformancc reduction in relation to the ST(* condition is 

4.714. 


5.10 System engineering 

Photovoltaic system engineering includes on the DC side connecting the PV modules to the 
PV generator, the sizing of the DC main line and live associated safety engineering 
I lightning protection and fault current recognition), plus the coupling of the generator via 
an inverter to the public low -voltage mains. 

S. 10.I DC connecting 


5.10.1.1 Cable sizing 

The DC main line leads live entire generator cutrent from the parallel-switched strings to the 
inverter. The percentage DC power losses p f by Ohm resistance ft. related to the rated 
power, should he below I*?. Tlte resistance ft is calculated from the product of the specific 
conductor resistance of copper >. = 0.0178 Hmnf/m. the entire line length (back and foith 
the length /. i.e. a total of 21 ) and tike cable diameter A- |nim ; |. 



(5.41) 


For a simple line length between tike PV branch and inverter t [m|. the cable diameter A., 
is thus obtained front the admissible DC power loss JP< K over tike resistance ft. related to 
the DC performance at rated voltage V, | V| and rated current /„ (A): 


Pi 




//ft 


/£ 


ft P„. All 


* DC 

21A P 


DC 


?«■ 


V; a 




(S.42) 


Kxamplc 5.7 

Calculation of the cable diameter of a 2 kW system with a rated voltage level of 60 Vor or 240 Vw 
for a main-line length between nxif and cellar of / - 10 m. The admissible power loss/?, is to be 1%. 


2/A/> 


p*K 


2X10X0.0178X 2000 


0.01X60 


. = 19.8mm' 


, 2X10X0.0178X2000 , _ 2 

2401 : A =-= l 2mm 

* 0.01X240* 
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Even al the relatively low performance of 2 kW\ the cable diameters of DC lines for the small system 
voltage are very large! 


5.10.1.2 System voltage and electrical safety 

If live PV open circuit voltage remains under 120 V, x and an invertet with an isolating 
transformer is used, the PV system conforms lo safety category III based on VDE 0I0G/IEC 
364. and additional measures for the protection of individuals arc unnecessary. At higher 
DC voltages the modules must conform to safely category II. i.e. they must be tested for 
insulation defects at a voltage of 2000 V plus four limes the open circuit voltage. In 
addition, the module a:cess lines must be laid so as to prevent short-circuits and ground 
faults. This can be most easily achieved by separate positive and negative lines with double 
insulation. 


5.10.0 String diodes and short-circuit protection 

In short-circuits or low voltages w ithin a siring due to shading, a high cuncnt can flow into 
this string during parallel connection from other strings, a current for which ihe module 
access lines are not designed. This fault cuirent flows in ihe opposite direction to the 
photocurrcnt and can thus be blocked by a siring diode switched in series to live modules of 
a siring. The voltage drop ov er ihe siring diode of about I V leads, however, lo a constant 
power loss, and checking the diode function is maintenance-intensive. In the last few years, 
therefore, the need to use such a suing diode and the level of possible fault currents has 
been increasingly discussed. 

With partial shadings within a string the cuirent can be drastically reduced, but the 
voltage remains almost unchanged even at low inadiance. In the MPP point, therefore, the 
shaded suing also makes a rather small contribution to live total current value, and no fault 
currents flow. The common characteristic for four parallel-switched strings, each w ith four 
modules in series, is represented with IUOO W/nr for a shaded suing with an irradiance of 
200 \V/m‘ and three unshaded strings. The shaded string is first operated w ithm live area of 
positive power: only near the open circuit voltage of the common characteristic do small 
negative currents occur. 



Figure 5.20: Operating points of a PV system with four parallel strings each with four modules in 
series anal one shaded siring. 
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Short-circuits within a suing arc more serious than shadings. PV generators arc usually 
operated potential-free. i.e. neithet the positive mu the negative voltage level is connected 
with mass, and live inverter has a galvanic separation from the mains. A simple shoit-eircuii 
therefore causes no fault current at first, since only live potential level at the short-circuit 
point is biought dow n to ground level. Only a second short-circuit w ithin a string can short- 
circuit one or more modules, so live MPP and open circuit voltage of the string now fall 
significantly. 



Figure 5.21: Double sbutKircuil in a module string. 


If tl»e generator field is now operated at higher voltages than the open circuit voltage of 
the partly short-circuited string, the noa-short-circuited modules are operated in far forward 
voltage and take up power. When tins happens, tlic eurtents can become very high. For 
example, in a generator with four strings with four modules each in series in a string, two 
modules are to be short-circuited. In the MPP point, the string with the short-circuit is also 
opeiated within tlic urea of positive power, however, the short-circuit string takes up power 
near the open circuit voltage 4 at 1000 \V/nf irradiance about -15 A at 60 V for a standard 
module). 



Figure 5.22: Charactcri'lici of a generator with two short -circuit* in a string. 

The risk of a double short-circuit is. however, negligible with short-circuit und ground 
faull prevention (single line cables conforming to safety category 111 Insulation mnniluting 
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can detect a simple short-circuit promptly, so timely elimination of faults is possible 
without adverse consequences. Protection from high fault currents can also be ensured by 
fuses, which are preferable to the string diodes due to smaller power losses. 

One of the large German electricity suppliers RWE. says that there is no need for string 
diodes and fuses in systems of up to 5 k\V performance. The whole power can be fed in at 
any place into live house mains, thus enabling simplified and economical installation. In the 
field of lightning protection too. new investigations by RWE have shown that the 
grounding of the metallic construction of live PV roof fixation tends to worsen indirect 
lightning protection. The usual overvoltage protection with resistors can he attached to the 
DC side of the inverter. 


5.10.2 Inverters 

5.10.2.1 Operational principle 

In the inverter the photovoltaically produced direct current is commuted periodically by 
controllable power-electronics semiconductor switches between two conductors, and the 
voltage is converted to the mains voltage by transformers. 

In live simplest case, the positive photocurrent per period of the 50 Hz oscillation is 
switched during live half oscillation period to the one access line of the transformer and 
during the second oscillation half to the other line, so a rectangular alternating voltage 
develops. However, a rectangular wave voltage has such a high harmonic content that 
disturbances to electrical devices can emerge, and at higher inverter power the maximum 
admissible harmonic currents in live public low-mains system (according to the curopean 
standard EN 61000-3-2) are exceeded. The smallest harmonic content of the current to be 
fed in is obtained by a high frequency commutation of the DC voltage, in which the pulse 
width of the switching operation is varied in such a way that after smoothing of the current 
a largely sinusoidal wave develops, a widespread inverter concept known today as pulse- 
w idth modulation. 

Apart from the maximum values of the harmonic current which have to be taken into 
account, the quality of the alternating voltage produced is described by the distortion factor 
k. which is defined as the relation of live effective values of the voltage harmonics to the 
effective values of live basic and harmonic oscillations. 



(5.43) 


The usual distortion factors are between 1.5 and 5%. A further quality factor is the 
power factor L. w hich is defined as the relation of the active power to the apparent power 
and is thus a measure for the reactive pow er of an inverter. 


L=- 


zl( .fcVrtr** 


(5.44) 
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The power factor should be as close as possible to I. Apait from the adjustment 
efficiency. which will be discussed later, and the transformation efficiency of an inverter, 
the quality factors of harmonic content, power factor and electromagnetic compatibility 
(EMC) should be considered when selecting a product. 


5.10.2.2 Electrical safety and mains monitoring 

During disconnection from the mains, decentrally feeding photovoltaic systems must be 
separated immediately from the mains, to be sure of avoiding dangei to people 01 futther 
mains faults. A power failure is detected by under- or over-voltage relays or frequency 
monitoring integrated in the inverter. A so-called island formation, in which (despite mains 
failure) photovoltaic systems produce power simultaneously removed by consumers, can 
nevertheless occur with this passive network monitoring. Active mains-monitoring methods 
are a more reliable solution, with small disturbances such as pulsed voltages or frequency 
deviations fed to the mains. In the case of frequency deviation, the inverter constantly tries 
to modify the feeding frequency and is synehtonised with the mains frequency again with 
each zero crossover of the mains voltage. In the case of power failure, on the Oliver hand, 
the frequency rises or falls constantly until it is outside a given band and the inverter 
switches off. The cuirent modifications caused by modifications of the voltage level or the 
phase are amplified sufficiently by a feedback loop for the inverter to detect the power 
failure. 


5.10.2 J Inverter efficiencies 

MPP Tracking and adjustment efficiency 

As well as AC production, an inverter has the function of operating the direct cuirent PV 
generator at live point of maximum power, i.e. the effective input impedance must be 
constantly adapted to live uradianee- and temperature-dependent point of maximum power. 
The MPP regulation is often based on periodic driving through of a voltage ramp until the 
power measured has achieved the optimum. 

The adjustment efficiency rj KA , is defined as the relation of actual performance at a given 
MPP regulation aivd the maximum possible DC performance w ith ideal MPP operation, and 
is approximately 97*4 in commercial inverters irradianee-weighted over a year (Knaupp, 
1993). 



(5.45) 


The predicted energy yield of a photovoltaic system should be reduced by this roughly 
3^5 loss of energy. 

Transformation efficiency 

The most important characteristic of an inverter is its transformation efficiency, which is 
defined by live relation of AC power output to DC input power. The power output P M 
results from live difference between the DC input power I't* and the energy dissipation Pi. 
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p„ 


nc 



(5.461 


The energy dissipation is made up of ihe input power-independent losses t internal 
current supply and magnetisation losses the losses in the semiconductor switches 
which are linear-dependent on the power output, and the Ohm cable losses r. v ,„ which 
rise as the square of the AC performance. It can be represented with good accuracy by a 
second-order polynomial. 

To obtain a unit less representation of lire coefficients, all absolute performances are 
related to the DC rated nominal power P, of the inverter. 


<5.47| 



The energy dissipation is represented as a function of AC power output p u . since for a 
positive DC input power pin = fust Ihe own losses of the inverter are covered (i.e. />, = 
/>„*) and no switch or Ohm losses yet occur. The efficiency and thus the power output must 
be zero. 


( P *c-V/ p 

-p_p. 


pi* - {i'~. * v ..,.p« + r*.p : .) 


Poc, 


p>* 


Pi* 


(5.48) 


With this description of the energy dissipation, however, both entry and exit powers 
occur in live efficiency lemi. The aim must be to calculate the efficiency of the inveiter as a 
function of the input power supplied by the PV generator. 

/>,, is therefore replaced by 1 x p IK and Equation (5.481 is solved for rj. 


1 = 1 -—- -r^rf p x 
Pa 

. + 

2’u.Pa- V(2i_/v)- r^p;,. 


Only the positive term of the quadratic equation supplies physically meaningful values. 
The three loss coefficients and r lrt „ can be calculated from three efficiency 

values iji. rj; and rji given by most manufacturers in technical data sheets for power ratios 
of. for example, p, = 10%. p : = 50% and /•, = 100% of the rated power. The algebraic 
manipulation of the three equations for the three unknown quantities results in (Schmidt 
and Sauer. 1996): 
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/■. P:P> (n: p, (*?.- -n)* n< (n- p, - n; p-. ) +»??*?. {n. p-. - n. p •. )) 
n : p; -n>p fop- *n l p>)+n : n l p : p (n : p : -n,p-.) 


(5.50) 


• m*»A 


%p\ {n ; P 3 -n<p,-p,- p>)+w, (n;pi-nlp;)+- 
. -nipt (q.p. *Pi-/h)-n:fiip:P ; . *n-pi (/>.- -/>) 
(lift -n,p l )(n,p > -n : p : ) 


n,P, (/': -P.)*'?:(Pi -;■■) + 0 Pi (m - P:) 

n, p; -»? P, ('J.p.- +’i t p,)+n : n,p 1 p, (n,p>-n : p ; ) 


(5.51) 


(5.52) 


Example 5.S 

Calculation of the inverter characteristic values foe two commercial inverters with the following 
manufacturer data: 


Inverter 

SMA I MX) 

NEG 1400 

1,: 

r„vp a = o.i 

79.4 

83.0 


P,„VP 4 = 0.5 

K9.9 

91.9 

1v 

P|«'Pa= 1-0 

88.9 

89.8 


The characlcmlic values calculated using the above equations result in: 


Inverter 

SMA I MX) 

NEG 1400 

Pa- 

0.016575 

0.015505 


).(M5513 

0.010553 


0.067941 

0.095879 


With these three characteristic values the efficiency can tc calculated is a liinclion of the power ratio 
/>„• using Equation (5.48) 

At low DC input power, the efficiency is dominated by the consumption of the power 
electronics: at high input power Ohm losses account for the decrease in efficiency. The 
maximum inverter efficiency is thus often around half the rated power. 

At DC input power above the rated power of the inverter, the efficiency depends on the 
overload behaviour of the inverter. Many inverters can be used for some time when 
overloaded, and regulate only on overheating of the electronics away from the MPP point. 
In a simple approximation, in the ease of overload, i.e. poc > I. the AC power output is 
held constant at the lev el of the rated power output given at />,,< = I: 

p.L„< 5 »> 

The transformation efficiency thus drops shatply with increasing overload. 
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The following efficiency characteristics of the two inverters were calculated up to the DC 
rated power </),„ = It with the parameters ft tun Example 5.8, and above the rated power 
with Equation <5.54>. 



Figure 5.2$: Tnunlhnraucm efficiency of two enmmereial inverters ax a (unction olthc DC input 
power nwinaliscd on rated power 


To enable a standardised comparison between inverters. live so-called Eui»-efficiency 
has been introduced, which weights the paitial load efficiencies with 'average radiation 
conditions in Centiul Europe". 

'7=°- 03 »l«.-x +° '-^..st. +° '»7o.+°+° 

The Euro-efficiency cannot, however, take into account either the influence of module 
orientation under dificrent radiation conditions or a different performance interpretation of 
a PV genetator and invetiet. To deietminc the teal annual efficiency of the inverter, these 
influences must be analysed. 

5.10.2.4 Power firing of inverters 

To determine live annual efficiency of an inverter, we have to know with what energy- 
weighted frequency the PV generator produces certain relative DC perfomunccs . Then 
the diffeicnt partial load efficiencies of the inverter, multiplied by the energy-weighted 
frequency and standatdised on the entire DC annual eneigy. produce tl»e annual efficiency. 

Given that under ikoithern European climatic conditions, irradianccs over 900 W/nr 
seldom occur and the module temperature at high iiradianee values is usually over 25 -i C 
and thus causes power losses, it is not necessary even with south-facing roofs to design the 
inverter for the nominal power of the PV generator undei standaid test conditions. On 
south-facing facades, which often occur within the building integration area, irradiancc 
values over 700 W/nC play no role in energy temis. so an inverter designed for a PV 
geneiato! rated power is clearly oversized. Since undeisi/ing the inveitet reduces the 
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system costs, in the next section a calculation will be made of how the rated power can be 
■educed without large efficiency losses for a given module orientation. 

For tike performance sizing of an inverter for a mains-connected PV system, the 
following procedure is suggested: 

1. First the energy-weighted frequency of tire inadiancc is determined for the 
respective module orientation: hourly irradiancc values are divided into irradiance 
classes w ith mean irradiance 6', arid class w idth Mi.. the absolute frequency of the 
irradiance per class in hours per year (;t A( ) is determined, and finally the frequency 
is energy-weighted with the mean irradiance value of the respective class. Thus the 
energy irradiated annually on the surface in kW’h'nr in each irradiance interval 
AC,. is obtained. It is sufficient to divide the irradiance of 0-1000 W/m : into 10 
classes with 100 W/nr class width. 

2. The irradiated energy per irradiance interval C» x it,, is then converted into 
electricity /*„, x n,, using the efficiency of the PV generator q., and live generator 
surface Arv, with the frequency distribution unchanged. 

Poe,".. = Tin A„ (kWh) (5.56) 

With sufficient accuracy for the inverter annual efficiency, the influence of the 
module temperature is negligible. 

3. For an inverter with a given rated DC power P A . the standardised DC input power 
Poe, = P/h /P" is ihen determined for each irradiance class, and the inveiter 
efficiency q ul ipuc,) is calculated using Equation 15.48). This results in live AC 
energy: 

Pjcj«h = Poe,",, 1 ... (p a , ) (5.57) 

4. The mean annual efficiency of the inverter is then obtained from the totalled AC 
energy divided by the total of the DC energy. 

*7....... = -= 4- (5.58) 


As an example, for a south-facing facade and a south-facing roof inclined at 45°. the mean 
annual efficiency of an SMAI800 inverter for a PV generator in Stuttgart with 1.8 IcW of 
rated DC power (12% module efficiency and 15m* surface) is to be calculated, and 
compared with the Euro efficiency . 

1. First the energy-weighted frequency distribution is calculated from hourly time series of 
the irradiance. Although live low iiradianee values occur most frequently, the most energy- 
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relevant irradiancc intervals are situated in live middle iiradianee area between 400-60) 
W/m*for a south-facing roof or 300-400 W/nr for a south-facing facade. 




inadialxin classes irradiation classes 


figure 5.24: Frequency of the irradiancc and energy* weighted irradiancc for a south* facing roof in 
Stuttgart inclined at 45°. 


2. In the second step the PV energy is calculated pei iiradianee class using the constant 
efficiency of 12% and the surface of 15m*. Here class 4 is the most energy-relevant class at the 
south roof w ith irradiancc levels between 400-500 W/m\ i.e. a mean iiradianee of 450 W7m‘\ 
Hie result is t with lot h absolute frequency) a IX? energy of 

tiy 

P, n ia = G t n,Jl f ,A P , = 0.45 _ x 404* x 0.12 X I5»r : = ttlkWh 

m 


_ 2000 
£ 

51 1500 


1 _ 





1 

!■_ 


— r^i 


irradiation classes 



uradation classes 


Figure 5.25: Frequency of the irradiancc and energy-weighted iiradianee fora south-Facing 
Facade. 
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3. From flu: DC cneigies, the mean PV performance for each class is calculated, related ui 
the inverter rated power and converted by the inverter efficiency into AC energy. For clash 
•t above of tire south-facing roof, the mean PV pcrfounance U given by 327 kWh' 
4IM h = 0.63 kW. i.c. related to the inverter with 1X00 W nnminal power the result is a 
relative /•/,« power of 0.35. The associated efficiency at this partial load is O.XX. so the AC 
energy of this class is given by 

P tf n x , -327kWh x 0dl8-266kWh 


4. The mean yearly efficiency results from the total of the AC energy divided by the 
uitalled DC energy. It is 87.5% foi tlio south-facing loot' and 85.9% foi the south-facing 
facade The Emu-efficiency is 86%. independent of orientation. 

If the inverter rated power is now selected in any relation to the PV generator power, the 
mean yearly efficiency can be calculated using this procedure, with only steps 3 and 4 
changing For the south-facing facade, the south-facing roof and a horizontal PV generator 
orientation, the inverter rated power varied from 30% of the PV generator power, which is 
extremely undersized, to 200% of the PV generator performance, i.e. greatly oversized. The 
efficiency characteristic of tl»c inverter lakes into account tl»c case of overload by limitation 
of tlio power output to the nominal inverter power (by means of regulation away from tfte 
MPP point I. The results slum that the optimal sizing of the inveitei for module angles of 
inclination between the horizontal surface and 45 : for a south-facing roof is 80% of the PV 
rated power (ycaity efficiency of 88%. location Stuttgart). 

Foi a south-facing facade tl»e optimal sizing is 60% of the PV generator perfomtance (88% 
yearly efficiency). Also evident arc the relatively fiat maxima particularly in the overload 
area. i.e. oversizing is of mi consequence, while umletsizing below the optimum leads to 
relatively large performance losses. 



Figure 5.26: Yearly efficiencies ofan inverter xi a function ol lbc power ratm* ul'lbr uncrtei anil PV 
generator m a German clunalc- 
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For the inverter nominal power, therefore, a relation to the PV generator power of 60- 
130% with less than 2% efficiency losses is possible for south-facing roofs with random 
inclinations, undersized inverters being recommended. For south-facing facades, inverter 
power ratios of 45-100% of the PV generator power are recommended. 




6 Thermal analysis of building- 
integrated solar components 


The substitution ol classical building materials by active solar components represents a 
particularly interesting multi-functional use of solar technology in buildings. Active solar 
components pioduec electricity or heal, which is transfetred to a fluid such as an or water 
in a controllable way. In addition, with building integration, heat flows to live building 
occur which can be described by heat transfer coefficients and total energy transmission 
factors. By using ventilated double facades with photovoltaic* as an example, a 
methodology can be developed fot thermal characterisation which enables computations of 
the heating energy and cooling load of a building with integrated solar components. 

Previous thermal analysis of active solar components tan and water collectors, aikd 
photovoltaic*) has been based on the assumption of thermal separation from the building, 
i.e. the calorific losses of the solar radiation absorber weie computed nn both sides against 
the ambient air temperature With building-integrated solar components, in paiticulur 
warm facades, the assumption of a solar element sumiunded by outside air is no longer 
applicable. While most thermal flat plate collectors have sufficient back insulation (with 
insulating thickness > 6 cm), partly transparent photovoltaic modules are. for example, 
often only separated by furthei glazings from Use room I with room air temperature /.) for 
aichitectural reasons. 



Figure 6.1: Frecslandmg ami tiudding-inlcgralcd collectors. 

Due to this tlictmal coupling, heat gains for the space occur which in winter contribute 
to heating energy covet, but which in summer can cause oveiheating problems. With 
photiivoltuic modules in a double-glazing construction, of special interest are tl»c suiface 
temperatures of the module (to determine the electrical power) and of the glazing on the 
room side (to determine the effective total energy transmittance characterised by the 
g-value). With hack-ventilated PV double facades, the lieat supplied by the modules can 
serve as useful thermal energy for pre-healing outside air. At the same time, transmission 
heat losses of the room can be recovered by the heated gup air. 
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Figure *1.2: PV module In a buck-vcntiluird cavity facade with double gluing on the mom side and a 
PV mudulc integrated In an double glaring construction. 


Fust an overview is given of typical temperature conditions of building-integrated solar 
components, mainly photovoltaic modules, in different building-integration versions. The 
empirical equations obtained from measured data enable fast analysis of the temperature 
influence on the annual electrical efficiency and on the thermal behaviour of the building. 
Subsequently, a mote detailed tltermal model of a back-ventilated photovoltaic facade is 
developed which describes heat flows and temperature conditions in conventional double 
facades. With this model, the monthly theimal energy gains of a PV cav ity facade can be 
calculated. 


6.1 Empirical thermal model of huildinu-inlcgraU'd photovoltaics 

Solar modules are generally characterised by high optical absorption coefficients in the 
wavelength atea of short-wave solar radiation. In cutrcnt-generating photovoltaic modules, 
however, only a small pan of the absorbed irradiancc. about 10-159:, is convened into 
electricity, w ith main!) heat being ptoduccd. This heat can be used fot healing and actively 
cooling buildings, but it reduces the electrical power of the PV generator due to the 
module's, rise in tempeiaturc. Crucial for the temperature levels arc. at a given solar 
irradiance, the convective heat transfer mechanisms at the front and rear of the module, 
which depend mainly on the wind velocity. 

The convective and radiant heat transition of the module reai arc especially influenced 
by the installation situation. Pot detailed calculations of the temperatures, the respective 
relevant NuRelt correlations must Iv determined in each ease: they depend on geometry, 
heal flow density, degree of turbulence etc. 

For a tough estimate of the temperature conditions m different installation situations, it 
is sufficient to use linear regressions of temperature rises against the irradiance derived 
from measurements.The linear connections between the module temperature and irradiance 
neglect the strong dispersion of the measured values, in particular due to w ind influences, 
but they lead to a sufficiently exact estimate of the electrical powet losses and the mean 
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(emperalure use ai a given iiradiancc. A ihemul model has been developed by Sauer 
11995). validated ai building-integrated components, and regression analyses covering all 
relevant integration possibilities have been pet formed for twelve German climatic test 
reference years for different installation situations (see Table 6.1): 


Table 6.1 Installation situations of building-integrated solar elements. 


No. 

Module mounting 

Ycntilutioti 

1 

freestanding, module 

optimum ventilation 

■ 

roof-mounted module, large distance fortween module and 
roof tiles 

optimum ventilation 

3 

roof-mounted, mean distance between nxtdule and roof tiles 

good ventilation 

4 

roof-mounted, small distance between nxidule and roof tiles 

limited ventilation 

5 

nxif* integrated 

without ventilation 

6 

cold tacaJc with large air gap 

good ventilation 

7 

cold tacade with small air gap 

limited ventilation 

m 

facade integrated 

without ventilation 


The gradient of the linear regression curves shows the rise in the temperature difference 
between the module and environment AT = Tw«ut»- T.< per W/m' of itradianee increase AC. 
From this the temperature rise at 1000 W/m* itradianee can then be calculated, to compare 
the installation situations. 


(w-r.U. • «■" 

The gradient obtained as an average of the test reference years varies from a minimum 
of 0.019 KAW/m ! ) for a free-standing module, up to 0.052 K/(W/m J ) for a facade without 
back-ventilation, so at 1000 W/m* itradianee. module temperatures of 19-52 K above the 
ambient temperature appeal. 

The mean temperature rises at 1000 W/m' itradianee are represented together with the 
minima and maxima of live twelve test reference years for all eight installation situations. 
From this the regression coefficient for each installation situation can be read off. The 
fluctuations for a given installation situation are mainly caused by different wind velocities 
at the locations. In addition, the relative electrical power losses are represented compared to 
those of the free-standing module. In the most unfavourable version - the non hack- 
ventilated t Aadc - 7.5-10'S less electricity is produced annually than by the free-standing 
module, due to tempeiature effects alone. The electrical energy losses are calculated 
relative to the annually produced energy of a free-standing module. 
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Figure 6.3: Tcmperatuic ntc of a PV module in different buililinu integration solution* with optimal, 
good and limited ventilation or without ventilation. 
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Figure 6 4: Yearly electrical energy lost of a PV module in different building integration solutions 


6.2 Energy balance and stationary thermal model of ventilated double 
facades 

While the empirical rcjtrcuian equations for building-integrated photovoltaic elements 
provide sufficient accuracy for module temperature calculation and electrical performance 
analysis, a mote exact model has to be created to analyse tire effective heat transfer and 
thermal use of the module waste heat. This model must permit different temperatures as a 
boundary condition of the integrated solar component (ambient temperature and room 
temperature I. and take into account the heat (lows from the absorbing solar element or from 
the room into a ventilation gap. 
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Energy balances for each temperature tsode arc set up to calculate the temperatures, and 
the set of equations produced thus is solved. Since most solar components have only small 
thermal masses, a stationary energy balance is sufficiently exact. The calculation 
methodology, which can be generalised for diffeient installation situations, is explained by 
the example of a hack-ventilated photovoltaic heated facade (Vollmer. 19991 

The siructuie of the facade corresponds to a typical double facade eonstiuction. w itli the 
photovoltaic module constituting the outer shell, back-ventilated with outside air. The back- 
ventilation can be via free convection or fan-opetated. In cavity facades, the back- 
ventilation gap has dimensions of between about 0 . 1-1 m. so in contrast to commercial air 
collectors, low flow velocities can generally be expected. The gap dimensions and flow 
rates influence in paiticular the convective heat transfer in the air gap and thus the thermal 
efficiency, which in genetal is far lower than in tuibulcnt-throughflowcd air collectors. 

For the energy balance, three temperature nodes arc considered: Node u foi the absorber 
(here the PV module), node / lot tl»e fluid (here airi and node /• for the gap-closing glazing 
to the loom. Due to the thinness of the PV laminates, ty pically 4 mm * 6 mm glass, only 
one temperature node is used for the pliotovoltaic module. A siationaty energy balance is 
set up for the three temperature nodes. 



T,z ambient lempcniliiir ["CJ 

T. absorber 1= PV module I tcm|x-raiim.- | C| 

7j: fluid temperature | r C| 

Tie glass temperature al the huck of the gap |"C 1 
Tj: mum temperature (”C| 

h : convective beat Imnsfer coelllcient (\V7nTK| 

h.: radiant Ileal transfer coefficient |W/m : K| 

tt-i effective absorption coefficient of PV cells |-| 

Tn . effective transmission coefficient of Hie PV midule 

M 

a,: absoqituin cncll'iocm nf Ihe rear«cU/incl |*| 

Us. alur bet*ten ihc tap rear (node b i and room 

|W/m : K| 

Vf U-valur Ix-turai ihc PV module <node n »anil 
environment |\\Vm ; K| 
c. heal ca|ucily of an | 1 /VeK | 

p. density of air |kg/m’| 

V: flaw rale |m’/s| 

L gap licight |in| 


Figuie 0.5. Temperature nodes and descriptions of a building- 
integrated back-ventilated photosaltaic facade 


Node n: 

The PV module as a thcimal absorber absorbs solar iiradiunce G with the cflcetive 
absorption coefficient a rv which includes absorption by Use solar cell, refleetiun losses and 
remaining Iransmittance of the PV glass pane, aisd is typically about 80W. The calorific 
losses of the absorber are divided into a heat flow to the environment via the facade front 
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heat transfer coefficient a convective heat flow from the absorber to the gap air with the 
heat transfer coefficient /i, w . and into a radiation exchange with the gap rear, the heat 
transfer coefficient being h n The electrical power Q A is deducted in the balance from the 
absorbed irradiance. 

oa„ -u, (r„- t , )-/».„(r u -r,)- a,( r. -r e )-a =o (6.2> 


Node /: 

By ihc convective heat transfer of the two gap confinement surfaces (absorber and gap tear) 
with temperatures T„ and I,, and gap width b. the fluid temperature is increased over the 
distance </.i. 


cpV —L = h.J>(T a -r, )> h,l>(T, - T .) (6.31 

ux 

For the gap w idth />. the unit length b = I m is used here. 

Nodc h 

The solar irradiance transmitted by the PV module, with the transmission coefficient is 
absorbed with live absorption coefficient of the back (glazingI a... The calorifte losses 
consist of the radiation exchange with the PV module, the convective heat transfer to the 
fluid with the heal transfer coefficient /t. P and of the losses to the room, with the heal 
transfer coefficient 

G(T [T. -T. )-*„ft-r,)-L’,( t; -r )=o <6.4) 


The front heat transfer coefficient of the facade U, is calculated as usual from the 
thermal resistance of the PV module with layer thickness [m| and heal conductivity A,, 
(W/mK). and from the outside heat transfer coefficient h a |W/m ? K). The U-value of the rear 
U/, consists of the thermal resistance of the gap rear /(„ |m‘KAV| te.g. 0.3 m'KAV for a non- 
coated double glazing), and of the rnternal thermal resistance between the surface and room 
1/h,: 



K. K 


u 


i 


' 


(6.5) 


( 6 . 6 ) 


liquations (6.21 and (6.4) are used to represent the absorber temperature T„ and the glass 
temperature T,. as a function of T,. T and T.„ and then to use them in Equation (6.3). 




Thermal analysis ot*building*integrated components 


249 


r _ ( Bg P , + h r „ g , K7+ hUJ + BU,T + j BA. + A A,)r. -BO, 
‘ AB-h 1 


(6.7) 




Mr )(7+ .-iL^r T + (Ah t +hh A )T, -A &, 

.tb-A; 


( 6 . 8 ) 


Flom this results a differential equation foi the fluid temperature T„ which can be 
solved by separation of the variables. 


dr. 


epP-r-Dfi* D ; r -0,0, -f 0,(7- DJ, 


( 69 > 


The general solution is 


T, (x) = —{dJ + DJ.-D,Q, + D.G-Ce - 1 ') 


( 6 - 10 ) 


with the integration constant C dependent on the boundary condition and the constants O, 
to O, given by 


a, <4 

AB-h; 


o. 


h .A u , 

AB-h; 


D. 


l‘.B*hA 

AB-h 1 


_ A> r„ a, «A./ta,., ♦ h,h,a„ ♦ h. ,.-tr,.,a, 
4 /IB-A; 




(2A.A,A r + a;b + aA.<) 
AB-h; 


with ^-0, + A„ + A, S = L> a + A a+ A 


A 

cpr 


The integration constant C results from the boundary condition at the gap inlet, here the 
ambient temperature TV 


Boundary condition: with x = 0 T,= T. 

C = DJ A <D. -D,)J- AG, + 0,(7 


( 6 - 11 ) 


Thus the special solution results 
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r,(,)=(i-,-) 


D,r + D.71+0.G 


+Te~ 


( 6 . 12 ) 


The mean fluid temporaluie of the entire flow ehannel is obtained by integrating 
Equation (6.12) over the entire gap length L. 


r^jjr, (>),/< 

,613 ' 


With tl>e mean fluid temperature, the mean absorber and rear temperatures of the gap 
ean also be ealeulated. using Equations (6.7) and (6.8). 

The coefficients Dt to 0, depend on the heat transfer coefficients for convection and 
radiation in the gap. and on the heat transfer coefficients to the environment or to the 
interior. Since these are also temperature-dependent, the gap temperatures can only be 
determined iteratively. 

Befoie the effective heat transfer coefficients (U- and g-values) are determined from the 
temperatures, a brief examination w ill be made of the necessary heat transfer coefficients 
and relevant Nullelt correlations for the heat transfer in double facades with large gap 
dimensions. 


6.2.! Heal transfer coefficients for the interior and facade air gap 

The heat transfer coefficient inside It, depends on the room geometry, the heating system, 
the type of ventilation and other parametres. Foi most applications, the assumption of a 
constant heat transfer coefficient is sufficiently exact. Euro standaul EN 832 states that a 
mean thennal resistance of l//i, = 0.13 m'K/W can be used inside. 

The convective heat transmission coefficients in the air gap h„ and /i, ( . depend on the 
facade geometiy and on the flow type (tree or forced). With cavity facade geometries with 
gap dimensions over 10 cm. the flow rates arc geneially small (under 0.5 m/s), so the free 
convection proportion cannot be neglected even with fan-driven forced ventilation. The 
derivation of heat transfer coefficients from first principles is extremely complex, so that 
mostly empirical correlations for NuBelt numbers as a function of fiow velocity and fluid 
properties arc used. Expeiimcnts by Schwab (2002) on asymmetrically heated double 
facades with a height to gap width ratio of 50 showed a steady increase of the heat fiux 
density with lising Reynolds number. If one of the plates were cooled below the inlet air 
temperature, the heat flux densities on the Inn plate even decreased with rising Reynold 
number. The correlations used below fit experiments on a 6.5 m high double facade with 
0.14 m gap distance, where the “hot" plate was a photovoltaic module and live back of the 
air gap was a double gla/ing. 

Under mixed convection conditions the Reynolds number consists of a free and a forced 
convection part. 
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(6.I4> 


The five convection proportion results from the temperature-induced density variation 
over the gap height L. 



(6.15) 


Gr 


*f>n r ~ r '4 


(6.16) 



(6.17) 


With flow conditions over an individual plate, the boundary layer flow at the lower 
panel edge can begin laminarly and after a certain length become turbulent, the transition 
point being about Re = 2 X 10' (Metier and Eiglmeier. 19'W>. The mean NuBelt number is 
foitned from a laminar and a turbulent proportion. 

.Vu = yjMuL+Nul, (6.I 8) 

For Prandtl numbers between 0.6 < Pr < 10. integration over the local Nulielt number 
produces the laminar proportion: 


.Vu. 


■ 0.664VRc</Pr 


(619) 


The turbulent proportion is calculated from an empirical correlation derived from 
numerical integration of the boundary layer equation: 




0.037 Rc"‘Pi 


I+ 2.443 Re 


-Ql 


Pr -I 


( 6 . 20 ) 


with 



From the mean Nulielt number, the heat transmission coefficients result as usual in 


Air A 
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Kxamplc 6.1 

Calculation of the two convtclixt and of the radiation heat transfer cixOkrient of a 6.5 m high hack* 
ventilated PV facade with 14 cm gap depth. fc>r PV module temperature* of 50^' and a back gyp 
temperature (e.g. glazing! of 30°C. The llow velocity of the gap air is 0.3 in s and the tluid 
temperature i* 40*C. 

The material value* for the left, warm PV side are calculated with the mran temperature between the 
surface and the gip air, i.e. here 45°C; for the right side similarly from the surface temperature of the 
glazing and the nxran gap air temperature (i.e. 35*0). 

Material values of the gap air 


Mean temperature of 

4S*C (PV) 

35*C7g/ar.<j 

Kinematic viscosity V: 

17.546 X 10 A mVs 

16.60 X 10* 

Heat conductivity of air X: 

0.02758 W/mK 

0.02554 

Density p: 

1.095 kg/m 5 

1.130 

Heat capacity c: 

1008.25 J/kgK 

11X17.75 

beat expansion coefficient (fr 

0.00314 K" 1 

00032 

RCfr<: 

111 134 

117 486 

Gr: 

2.8 X 10 n 

3.123 X 10" 

R«w 

334 329 

353 435 

Pr 

0.75 

0.74 

Re: 

352 316 

372 450 

Nu,,rt: 

863 

8*M 

Nu»w 

325 

332 

Nu: 

922 

954 


Irom these come the heal transfer coefficients h,. - 3.66 W. m : K. h„, - 3.75 W'. m'K and h, - 3.07 
W/m ! K. 

It' the temperatures ate not given, the heat transfer coefficients and temperatures must be 
detetmined iteratively. Firstly temperatures at the gap confinement surfaces are assumed, so 
that tl>e heat transfer coefficients can he calculated and then the mean temperatures 
recalculated. With the new temperatures. I>cai transfer coefficients are again calculated etc. 


Kxamplc 6.2 


Calculation of the nvan temperatures and air outlet temperature of a 6.5 m high. I m wide and 0 . 14 m 
deep back ’Ventilated photovoltaic facaJe under the following boundary conditions: 


Irradiancc »wi the facade 

Ambient temperature 

Room air temperature 

Wind velocity 

Flow velocity in the gap 

Absorption coefficient of the PV mixlule 

Transmission coefficient of the PV module 


G = 81X1 W7m* 
T*= ICTC 
T, = 20 ? C 
v w = 3 m/s 
v = 0.3 m's 

<f,rv = 0.8 

t„ = 0.l 
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Absorption coefficient of the back glazing 
Layer thickness of the PV module 
Heal conductivity of the PV module 
Ileal resistance of the back glazing 
Heat transfer coefficient inside 
Electrical efficiency 
Emission coefficient 


<i* = 0.05 
Xpv = 0.01 m 
) t v = 0.8WVmK 
R b = 0.18 RiHC/W 
h 4 = 8 WAiflC 
a, = 0.12 
f = 0.88 


Solution: 

The temperatures from Example 6.1 are used as initial values, resulting in the licat transfer 
coefficients of the first example. With these heat transfer coefficients the mean tluid temperature is 
calculated and inserted into the equations of the heat transfer coefficients. After four iterations, the 
error in the temfvratures is lew than 0.1°C and the coefficients are: 


Heat transfer coefficient absorber fluid 
Heat transfer coefficient glazing tluid 
Heat transfer coefficient fee radiation 
Thus a mean fluid temperature results 

If the mean fluid temperature is inserted into 

mean PV module temperature 
gla/mg temperature on the gap side 


h M = 5.1 \V/m : K 
h th = 3.5 W/m : K 
h, = 2.9 WWK 
T f = 19.6*C. 

ions <6.7| .it'j-I <6.S). this produces for the 

r„= jo.^c 
r»-26J*C. 


The lluid outlet temperature after 6.5 m height is T fM = 27.2'C. 

i.e. the PV facade hat. wanned up the ambient air by 17.2'C. 


The temperature distribution over the facade height for the above boundary conditions 
clarify tl»e temperature rise of the fluid and of the gap confinement surfaces. The surface 
temperature of the back glazing on the room side is also raised slightly above the room 
temperature despite low outside temperatures of 10'C. 
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Figure 6.6: Rise m temperature of the ambient air entering through a back>>cntiUtcd PV facade. The 
boundary conditions an: KOO \V.m‘ inudiance, 3 ms wind velocity, IO*C outside tcmpcvuiure. 2©°C 
room air terrperatun: and a flow velocity in the gap of 0.3 m %. 


6.3 Buil(lini>-iiilc'i>ralcd solar components (U- ami g-values) 

To determine ihc influence of building-integrated solar components on ihe thermal 
behaviour of the building, il is a good idea 10 use ihe usual component characteristic values 
such as the heal transfer coefficient U and the total energy transmission factor g. These 
characteristic values are constant in conventional components. Since, however. flic energy 
flows and temperature levels of absorbing solar elements depend greatly on irradiancc ami 
ambient temperature, the U and g-values must be determined timc-dcpendently. 

Since energy gains from watm-air use by back-ventilated facmlcs are also to be 
considered, the If and g-values ate divided into two components, which differentiate 
between transmission and ventilation heat flows <11 loom cr ui. 1997). characterises 
the entite ealotifie losses from tlte interior. t'..„ the calorific hisses from the inside to the 
air gap. which can be recovered by the hack-ventilation. g„„„ the solar radiation gains 
transmitted directly into the interior, and gw tl»e absorbed radiation gains contributing to 
the heating up of the air volume flow (Veisluis a al. s 1997). 



r 


r, 


Figure 6 7: Characteristic valuer far the thermal 
characlemaium of a back ventilated facade. 
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The transmission heat flow describes the effective heat losses from the room as 
the difference of transmission heat losses and direct solar gains, calculated similarly to the 
procedure for the effective U-values of windows. The ventilation heat flow Q„„ contains 
that part of the transmission heat losses which can be recovered by the back-ventilation 
(related to the temperature difference between the room and environment) plus the heat 
gains of the air gap due to absorption of solar radiation. 

Q^=V^{T-T)-g_G . 6 . 21 ) 

Q~=V~.{l-T.) + g IM G . 6 . 22 ) 

The heat transfer coefficient is defined via the heat transfer coefficient of the rear 
lh. w hich is known and calculated from the mean temperature T ,. For this definition, the 
heat flow from the room UjT, ~ i' normalised to the temperature difference between the 
room and tl»e environment. 


uAr-r t ) B u rM a-T) 

Umm 

i T.-r.) 


(6.23) 

(6.24) 


The direct energy transmission coefficient x, rni contains the optical transmission of the 
facade and consists of the transmission of the PV module and the hack glazing. For 
example results, for a facade w ith 15% glass proportion of tike PV module and a hack 
double-glazing, from the product of the glass proportion of 15%. the single glazed PV 
module transmission of approximately r,., ^ W1 = 90% and the transmission of the double 
glazing of approximately = 80 %. 

g M *-f — =0.15x0.9x0.8 = 0.108 (6.25) 


The useful energy of the heated air within the gap is calculated directly from the 
mean surface temperatures of the gap confinement surfaces and from the mean fluid 
temperature. 




(6.26) 


If the mean temperatures from live energy balance Equations are used. 0 yi can he 
calculated as a function of tl>e room and ambient temperatures, irradiance and the produced 
electricity. 
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ft- =(^— ^0,-7; (D.-D^^ZlpjGD.-Q^) 


(6-27) 


with t. describing the height of the facade. 

In agreement with Equation |6.22|. 0, iV is divided into a solely temperature-dependent 
term, described by and an irradiance-dcpendent term. characterised by Since the 
PV electrical efficiency is essentially u radiance-dependent, it is integrated into the g„„ 
term. The normalisation to like temperature difference between the room and environment 
thus produces, for U„„: 


! ■ - 


-£ti 


T . ( D i“°:)) 


T-T„ 


(6.2S) 


The irradiance-dependent term is normalised to the irradiance C. A sufficiently exact 
approximation in thermal terms results from assuming a constant electrical efficiency rj.i 
for the PV module. 






(6.29) 


Kxamplc 6.3 

Calculation of the component characteristic value* U„ m , and g (tU of the photovoltaic double 

facade, with the boundary condition* of the last example. 

Um - -2.14 WiWK 
- 1.07 W/m-'K 
g„..-0.17K 

Thus the ventilation gams at an inadiance oi’hOO \V7nT amount to 

<r - 7;,) + O = 1.07 (20 -10) A + <». 17K X S<0-lk = 153.1 ii- 

m 3 K m 3 m 3 

IS? Ml 4 

The gain* fri>m the absorption of solar radiation at a solar ctVieicney of 17.8% dominate. 

Since the back-glazing temperature is higher than the room temperature T„ the transmission 
coctVictent U |r ^ is negative and in etl'cct heat gams are supplied to the room: 

Q,„ - - 97.4 W/m 3 . 
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6.4 Warm-air ^cneralion by photovoltaic facades 

With like above method. houily U and g-values can be calculated, and hence hourly energy 
balances for the facade system can be drawn up. Weighted monthly average values can then 
be used for healing-energy calculations based on the monthly balance procedure of EN832. 
The thermal gains of like hack-ventilated facade consist of direct solar gains (described by 
the constant g„,„,-value). indirect solar gains from solar radiation absorption and 
subsequent heat transfer to the gap air plus the heat recovered from the interior 

The inadiance-weighted g„„ value is given by 


( 6.301 



The useful energy from heat recovery is calculated by the temperature difference- 
weighted C i0%1 -value. 


I L '. ?-'.•) 

"TTrTTTTTTTT*- 

I i r - T .,) 


c 


( 6 . 31 » 


The entire transmission heat loss of the room is expressed by a mean heat transfer 
coefficient L'„. ... 


U . 


K%r» mmI 

I*.' %~vV> 

I 


( 6 . 32 ) 


Since in the monthly energy balance procedure only solar gains are taken into account. 
U ml can also be deducted from the total nansntission heat loss coefficient U,,^ . so an 
effective transmission heat loss ^ remains. 

With these characteristic values, the contribution of back-ventilated facades to building 
heating energy can he calculated and compared with conventional facade systems. In 
summer the thermal load of the PV facade for the interior is easily calculated from the total 
of direct solar gain (#,„„,) and indirect gain If/,™,). When active solar cooling is used, the 
useful energy is calculated as usual from the rise in temperature of the gap air via g „, and 
U„, r 

With the above procedure, monthly component characteristic values for a back- 
ventilated PV facade for a Mediterranean (Barcelona) and a German (Stuttgait) climate 
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hast been calculated. The total ventilation gains result from the sum of the ventilation 
gains by irradiance and the heat How from the room into the air gap. multiplied by the 
numbei of hours in the month u«. The monthly irradiance <7„ is given by live sum of hourly 
values in kWh/nr. 


Q.~=X~,G M+ (7„(T-r)n. (6.33) 

The mean ventilation g-value g nMI can be interpreted direetly as the solar thermal 
efficiency of the back-ventilated facade. The monthly transmission heat loss Qnmu 
calculated from the total heat flow from the room, minus the direct solar gains. 

Q^-G^{T-T.)n,-K„„G„ (6.34) 


The gm, value only takes into aeeount live optical transmission of the gla/ing system 
a ltd is constant here at 0.108. The tltermal efficiency at like low flow velocity of 0.3 m/s is 
13^5 on avetage. From the total transmission heat losses of 50 kVVh/nT in the heating 
season. 40 k\Vh/m" can be recovered by feeding baek like heated gap air (interior 
temperature constant at 2G'C). 


Table 6.2: Clmutic boundary condition*, ventilation gain* and I ran sin is* ion heal hisws of the back- 
ventilated south-lacing facade in Barcelona. 


Month 

(kWh 

/m 2 | 

T 0 

l r C| 

"a 

H 

z~.= 

<W,H 


cUr-r.K 

|kWh/in*| 

|k\Vh' 

m>| 

<?.« r 

|kWh 

/m*) 

January 

82 

9.75 

744 

0.142 

8.05 

11.00 

2.16 

19.67 

I^broary 

mm 

9.95 

672 

0.130 

7.03 

9.30 

-0.20 


March 

106 

11.26 

744 

0.128 

6.98 

8.08 

-3.37 

20.58 

April 

94 

12.92 

720 

0.124 

5.18 

5.78 

-4.32 


May 

80 

16.16 

744 

0.126 

2.91 

1.80 

-6.88 

13.02 

June 

El 

20.06 

720 

0.122 

0.17 

-3.69 

-12.32 

9.90 

July 

88 

23.65 

744 


-2.29 

-9.06 

-18.61 

8.15 

AllL'Ufct 

100 

23.46 

744 

0.129 

-2.20 

-9.60 

-20.36 

10.64 

September 

wm 


720 

0.134 

-0.71 

-4>.84 

-18.48 

13.75 

October 

107 

17.01 

744 

0.130 

2.26 

-0.52 

-12.12 

16.25 

November 

90 

12.70 

720 

0.137 

5.42 

6.16 

-3.57 

17.73 

IX*ccmber 

84 

10.75 

744 

0.146 

7.10 

9.25 

0.12 

19.45 

Sum/ 

Mean value 

1107 

15.7 

K760 

0.13 

40 

22 

m 

184 
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In Stutigatt ihc average theimal efficiency is somewhat higher at I5f<. Despite live high 
(/-value of the nan-coated double glaring. I W/nrK. live transmission heat low of the I’V 
facade system is in effect cleat ly smaller due to the thermal energy gains, and the teal U m „ 
value varies between 15-1.8 W/nrK. Of live total transmission heat losses in the heating 
season. 142 kWh per m* of facade system. 99 kWh/m* can be teeovered. 



Figure 6.S.- Mean monthly component characteristic values of the hack-ventilated photovoltaic facade 
with conventional double glmne us the gap rear <6’ - 4 WiHK) in Stuttgart and Hareelona. 


With live methodology described, different facade types can Ive compared in energy 
terms, with the theimal gains depending greatly on the thcimal separation of the gap reai 
from the building. If the thermal separation is improved, the transmission heat losses to the 
gap fall, but so too do the ventilation heat gains. At the same time, however, live summer 
load of tlie room is reduced, so the best possible theimal separation is always to be 
recommended. 

While a baek-ventilated PV facade produces solar ventilation gains of between 83-93 
kWMm a in Sluttgait. depending on the gap tear construction, live solar ventilation gains of 
a vitreous cavity facade ate only 15 kWh/nra. The heat recovered from the room depends 
only on live quality of live thermal separation between the room and the back-ventilation 
gap. and is 27 kWh/m* for cavity facades with and without PV when heat-protecting glass 
is used. The direct solar gains are vety high in fully vitreous facade types, between 250- 
285 kW’lv'nr. and must m all eases be continued witli shading devices. With eommeicialg- 
values for external sun protection of about 205f. oveihcating ptoblcms in the summer must 
be expected in such all-glass facades. 










7 Passive solar energy 


Passive solar energy use supplies a significant contribution to the energy demand of every 
building, mainly by the short-wave solar irradiance transmitted by gla/.ing. which is 
converted into heat by absorption on wall surfaces and provides daylight. Mere that form of 
energy transfer is described as passive which takes place solely by thermal conduction, 
solar iiradianee. long-wave radiation and free convection, i.e. is not line-bound and requires 
no auxiliary mechanical energy for moving a heat carrier. 

Solar irradiance is absorbed without transport losses directly by the building shell or 
internal storage masses. Besides windows and like associated internal storage mass, the 
possibilities of passive use also include transparent thermal insulation on a heat-conducting 
external wall. Despite lower efficiency compared to windows, transparent thermal 
insulation in connection with a massive building component enables a temporal phase shift 
between irradiance and utilisation of heat, and so reduces the overheating problems of large 
glazings. 

Unheated conservatories rank among the classical forms of passive solar use. As 
elements placed in front of the building shell they reduce, however, tire direct solar 
irradiance through windows lying behind. Thus both tire daylight and tire direct heat entry 
into the adjoining heated rooms are clearly reduced. Furthermore, the indirect heating of 
gla/ed conservatories by adjoining rooms often leads to an increase in the heating 
requirement of buildings. Only with a very energy -conscious use of an unheated 
conservatory can energy gains for the building actually be achieved. 


7.1 Passive solar use by glazings 

Gla/ings are characterised by the fact that they display high transmittanees for short-wave 
solar irradiance up to aiound 2.5 pm. but are impermeable to long-wave radiant heat 
emitted from building components with a maximum intensity of around 10 pm. The 
greenhouse effect results from this transmission and conversion of the solar irradiance by 
absorption in structural elements into heat, whose long-wave radiation piuportion is not 
transmitted through the glazing. 
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Figure 7 1 Wbvelengtt*dcpcndail traivcmituna: cifa iinjdc donng. 


7. /. / Total energy trunsmiiianee of glazings 

A pan from the direct transmission of the short-wave solar radiation with transmittance t 
pan of the inadiunce is absorbed in the panes, and by healing them causes a heat flow 
towards the room which contributes to the total energy transmission facial (g-value). The 
ahsoiption coefficient of single glaring can be up to 3(K< for special sun-protection 
glarings. The secondary heat emission degreeis defined according to DIN EN 410 as the 
relation of the heat flow on the room side Q per square metre of window area A, to the 
impacting solar radiation G. and calculated by solving heat balance equations. For each 
pane of a multi-pane system the degrees of transmission, ahsoiption and icllcction must be 
known. The total eneigy transmission factor then results from the relation of the total heat 
flow H_ into the room to die inudianie: 


V _ Q^IA. _ TC*Q/A, 
G G 




|7.l( 



Figure 12: TramxnL'«ii?n f. rcfkviiici p. ah*irptxm a ami heat 
tram fir txtclficicnb; at t!ur inuJc lA.i anil iiutiui: {/*,) t»f a titrable 
gUi/mg. 
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The transmittance r is calculated on the basis of DIN EN 410 by integration of the 
wavelength-dependent transmission over the solar spectrum. With perpendicular incidence 
it is approximately 90't for an uncoated simple float class, and about 80 ‘i for a two-pane 
system. Due to today's commonly used metallic coating of the pane on the room side in 
thermally insulating glazing. the transmittance dearly falls, so the total energy transmission 
factor of the two-pane system is rarely over 65 r *. The absorption factor a of the short-wave 
solar radiation is likewise calculated for each pane by integration over flic spectrum, and 
inler-ie(lections in multi-pane systems are taken into aecount. 

The solutions of the heat balance equations for single, double and triple glazing ate 
indicated in DIN EN -III). Using tin* example of single glazing, a heat balance can be 
described: the intensity a G absoibed by the pane of surface A. is divided into a heat flow 
inward QJA_ and outward QJA % . 


aG = $L*$L (7.2) 

A.. A. 

These heat flows can be calculated with the help of tlte lieat transfer coefficients h, 
i standard value 7.7 W/m'K) and h„ istandatd value 25 W/in'Kk and the teitipcratuie 
difference between pane surface 7, and room air 7, or outside air 7„. Temperatuie 
differences between the outside and inside suifaec aie neglected. 

= = .7.3) 



11gin: 73: braduncc G. ahnvjptirw OG and tmmtiirv heal 
tlinv* (i f tingle glaring aunsvini orxl irrwani 


Fiuiu the heat Wow balance. first determine the pane surface temperatuie TV 


aO ■ (A, + h ') 7 - A, 7, - A .7 
aG+hT+hT 


=»7 


17-41 
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With this pane temperature 7\. the heat How inwaixl can he calculated: 


g 

* 


'■ (a<;-*,(7-r.))= '■ 


*+*. 


I, *h. 


-aG - 




*“ h . \ 


(7.51 


Since the transmission heat looses, of the glazing are calculated separately via the U- 
value. for the definition of the secondary heat emission degree </, the ambient temperature 
ean be set equal to the outside temperature. The result for </, is: 


Jur 7=7. <7 61 

G /r + n o 

For double glazing the characteristic values are calculated accordingly, though for the 
outside pane a further l»eat balance must now be created. IXfinmg the absorption 
coefficient for the outside pane as a and for tire internal pane as a.. lire secondary heat 
emission degree also depends on the layer thicknesses s,. j> and heat conductivities A,. A- 
of the two panes and on the theimal lesistanee /f., r of the standing air layer between the 
panes: 




p . s, 

X ■ X 


1 . 1 . ». . n . *2 

r i: • r 


(7.7| 


The solar radiation let through t transmitted by) the glazing into the room results 
directly from the product of the g-value and the solar irradiance: 


XG 


(7.S) 


7.1.2 Heat transfer coefficients of windows 


The calorific losses thiough the window are deducted from lire transmitted power, which 
are characterised by the beat transfer coefficient of the gla/.ing t!„ or of the entiie window 
including lire frame Double gla/.ing coated and filled with heavy noble gases achieve a 
minimum U, value of 1.0 W/ni'K. triple gla/.ing at best a U, value of 0.4 W/nfK. Even at a 
glazing U, value of 1.3 W/nrK. a wooden or plastic frame increases the window's U„ value 
slightly. For passive house concepts, specially insulated expanded polystyrene frameworks 
must be used, so that the low glazing values of triple glazing are not worsened by the frame 
proportion. 
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The passive solar gain (7 usable in ihe room results from ihe balance of losses and 
gains. The losses are calculated from the //, value of like window of surface A. and from 
the temperature difference between the room air 7, and like outside air 7,: 


T - = U A r ~T.)-*G 


(7.91 


From the available energy balance, an effective U-value V,g can be defined, which is 
often used for monthly or annual balance calculations with mean temperature differences 
and it radiances. 


U. 


< 2 . 


<u-, 


T-T. 


(7.101 


Balanced over a heating season, about 400 kWVnra of solar irradianee is available on a 
south-facing facade in Germany. The mean temperature difference between like inside and 
outside of about 1 7 : C. multiplied by the number of days in the heating season, results in the 
so-called heating degree day number, which on average in Germany is about 3500 Kelvin- 
days per year. The maximum usable energy per square metre of glazing surface for two- 
pane low -e coated gla/ing w ith a U„ value of 1 W/m'K and g = 0.65 is thus. 


£.-0.65X400X10' ^-w4Lx3500£fSSx24-L 
A, m a /ir K a day (7 11 > 

- 260 ^- 84 ^= 176 ^ 
tit n t tit 

The amount of heat effectively usable in the room depends greatly, however, on the 
storage capability of the structural elements on tike inside, since high passive solar heat 
gains can easily lead to overheating of the interior and thus do not contribute to covering 
the heating requirement. A detailed analysis of the dynamic storage behaviour of building 
elements can be found in section 7.3. 

In the monthly balance procedure based on EN 832 for calculating the heating 
requirement, the efficiency of tike solar irradianee transmitted by w indows is indicated as a 
function of the relation of the monthly gains to the transmission and ventilation heat losses. 
For low energy buildings with an annual heating requirement between about 30 and 70 
kWIVm'a the result is. for a heat-storing heavy building construction, a flat minimum of the 
heating requirement for a window area proportion on the south-facing facade of 
approximately 25%. In administrative buildings with mostly higher internal loads, the 
window area proportion should be lower still, to avoid overheating in summer. With a light 
building method with a small storage capacity, the minimum heating requirement is 
obtained for 0 - 20 % of the window area proportion. 
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Figure 7.4: InthieiKv ol die window area prcjioflkin on the healmg requinriiKrrt. 


7. Li New glazing systems 

For flexible control ot' total energy transmission, glazing systems are being developed 
which modify their transparency degree teinperature-depeiulenily (thermo-tropic) or 
electrically controlled (electro-chromic). 

Thermotropic layers are polymer mixtures or hydrogels which are inserted in a 
homogeneous mixture between two window panes, and which with rising temperature 
reduce the light permeability by up to 75% (Hartwig. 2000). 

Electrochrome thin films, for example from tungsten oxide, are evaporated on window 
panes with conductive oxide coatings. On accumulation of cat-ions (e.g. Li-*-) from the 
counter-electrode to live tungsten oxide by an external electrical field, the transmittance 
falls w avelength-dependently to 10-20%. Tire two thin film electrodes are connected by a 
polymer ion conductor. A tight sealing at the edges is very important for long-term 
stability. With the first commercially available glasses with a maximum surface of 0.9 m x 
2.0 m. a reduction of the total energy transmission factor from -14% in the bright status to 
15% in the dark status is achieved (U-value = 1.6 W/m'K) (Wittkopf n a!.. 1999); in 
systems with a lower U-value of 1.1 W/m’K. the g-value falls from 36% to 12%. 


7.2 Transparent thermal insulation 

Since the early 1980s. several thousand square metres of transparent thermally insulated 
facade systems have been installed in Germany. Compared to conventional thermal 
insulation in buildings, transparently insulated external walls can use the incoming solar 
radiation to a far greater extent. The energy potential for the application of such solar 
systems is high; if a fifth of all existing facades were equipped with transparent insulating 
systems, approximately 15% of the heat needed for room treating could be supplied (Braun 
cl «/.. 19921. The technology is particularly interesting for the renovation of old buildings 
with heavy, very heat-conducting walls (Eicker. 1996). Transparent insulated panes can be 
stuck directly on the external wall; a transparent plaster protects the material from the 
weather. By foregoing complex frame constructions, the cosis of glass composite 
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stiuetures. high so far. can be significantly reduced. A fuither application of transparent 
thermal insulation is daylighting. The light scattering and light directing by the elements 
can be used for an even illumination of live room, and the very good heat-insulating 
characteristics allow large-scale application on external walls. 


7.2. I Operational principle 

It short-wave solar radiation hits an external wall, the radiation is absorbed and converted 
into heat. The external suifaee warms up. but most of the heat produced is mainly 
transferred to live outside air. Only a small part of the heat reaches the building interior. If a 
transparent insulating layer is attached in front of the wall (in the simplest ease a window 
pane), heat emission to the outside is made more difficult. 

The main parametres influencing the extent of live useful heat gain are the transmission 
coefficient for solar radiation and the heat resistance of live transparent thermal insulation 
on the one hand, and the absorption coefficient. I veal conductivity and storage capability of 
the adjoining wall on the other. A time delay in tike heat flow takes place due to live wall, so 
the maximum values of the solar-induced heat flow reach the inside when the direct solar 
gains through the windows have already decreased and outside temperatures are falling. In 
addition, the thermal characteristics of the entire building play a role, above all live heat- 
storing capability of the interior structural elements in avoiding overheating. 

An external wall which even w ith 10 cm external insulation still has calorific losses of 
over 30 kWh per square metre and heating season, becomes a solar collector due to a 
transparent thermal insulation and produces around 50-100 kWWm* of useful I scat for the 
building. 

The heat transition coefficient of an external wall insulated with TWD results as usual 
from the total of the tltermal resistances of the existing external w all and the transparent 
insulation. 


k'<r = (7-12) 

with layei thickness .vjuri and heat conductivity A/m> of the transparent insulating material, 
layer thickness .v,,„ and heat conductivity A,.,, of the external w all and also the heat transfer 
coefficients inside li, and outside /r„. 

The absorber is characterised by like absorption coefficient a. the transparent insulation 
by the diffuse total energy transmission factor g„. The U-values of 10 cm TWD are 
typically about 0.8 WYm'K. lower than the best double-glazed heat-protection glass, but still 
twice as high as the heat tiansfcr coefficients of 10 cm of conventional insulating material 
with U-values of 0.4 W/m'K. 
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TAVD absorber 





Figure 7.5: System structure of a tranqxirartly msulrtal wadi. 


Just as with the energy balance of windows, an effective U-value can also l»c defined for 
transparent thermal insulation as the difference between losses and solar gains with 
efficiency rj,. 


U. 


■r 


U 




-n 


T-T 


(7.131 


Solar efficiencies T). up to 50‘4 w ith a simultaneous low Iveat traasfer coefficient lead to 
effective U-vaJues which, with a favourable wall orientation, are negative on the annual 
average and thus are heat gains for the building. Measurements of a 10 cm transparently 
insulated building in Freiburg/Germany resulted in weekly averaged effective U-valucs 
between 0 and -3.5 W/nrK. 


The solar efficiency i).. corresponds to the total energy transmission factor of a glazing 
and consists of the gy-value of the transparent insulating mateiial. the absorption factor of 
the absorber a and the proportion of the heat flow inward to the total heat flow. The heat 
flow from the absorber inward is calculated from the temperature node of live absorber at 
temperature T. to the room air temperature 7 via the heat transfer coefficients of live w all 



Q. 


A 


V~x{T.-T) 


(7.I4» 
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The total heat flow results front the loial heui flow inward (Equation (7.14)) and Hie 
heat flow frum ilu: absurber outward O.. which is calculated via the heal iransfci 
coefficient U, hi, nf llie TWD inalctial: 


& 

A 


VmAr-T) 


(7.15) 


,,i# *'orra>n 


(7.16) 


Assuming identical temperatures inside and outside, a constant solar efficiency can be 
defined winch i» very suitable for material comparisons and estimates of the energy yield. 


tfn a.vJ 




!/...» +Ur 


(7 17) 


5 cm TWO 



U-valie wall |W'm'K| 

Figure 7.6. Solar cffcicncy as a lurxiiim of the heal transits cueflieiait of the ttfntqu; wall. 


With 5 cm TWD capillaries. the Urm value is J 3 W/m*K at a g-value nf 0.67; with 10 
cm it is 0.8 W/nrK and g = 0.64. The aerogel nuicrial shows a U no value of 0.8 W/m*K 
with a veiy small layer thickness of 2.4 cm at a g-valueof 0.5. 

For optimal use of solar lieat. one must ensure that the transparently insulated room is 
not overheated. Conventional window areas usually bring sufficiently high solar gains into 
the room during the day : additional gains from live TWD wall must be stored and then used 
in the evening hours. Tlie temporal shift between heat pioduction at the absorber and 
maximum heat flow into the room uses with external wall thickness and also depends on 
the density, thermal capacity and heal conductivity of the wall. With a 24 cm brick or 
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lime-sandstone wall, phase shifts of 6 to 8 bouts are achieved: with concrete walls, little 
more than 5 hours are possible. With sufficiently strong wall constructions, the result is 
typically 100% efficiencies of the heat produced by live TWD wall within the core months 
of the heating season: in the transition months around 30% (Wagner. 19981. 

The high absorber temperatures of the external wall, which can reach peak values 
between 70'" and HII'C. are effectively dampened at wall thicknesses over 20 cm and are. at 
the interior surface, rarely higher than 30°C even in live summer. The absorber temperatures 
are lower with heavy, heat-conducting components than with light walls with densities of 
around 800 kg/m*. The heat which develops can penetrate quickly into live heavy external 
wall and he led into live inferior. Any thermal tensions are thus conespondingly low. 

At an experimental house in Stuttgart the thermal deformations of the external wall 
were measured on a long-term basis. Compression stresses and slight swelling of live wall 
due to the high temperature difference did not pose a problem. Fine cracks of about I to 2 
mm in the plaster resulted from accelerated drying of like new building’s brickwork 
dampness around the absorber, they did not, however, influence the load-carrying capacity 
of live wall. With new buildings it is worth planning for defined joints at the edges of the 
TWD surfaces. 

The use of shading systems such as blinds or shutters prevents heating of the external 
wall in the transition period and in the summer months, hut it is complex in terms of 
construction and maintenance issues. Constructional shadings such as balconies or roof 
projections must he planned very carefully, in order not to obstruct exposure to the sun in 
the transition period. Foregoing shading mechanisms is possible if the transmittance of the 
transparent insulation is strongly angle-dependent, so that with a high sun position in the 
summer w ith angles of incidence over 60 ' at live south-facing facade, less than 20 % of the 
nradiance reaches the absorber wall. The transmittance of a transparent heat insulation 
system falls, for example, from approximately 50% with perpendicular incidence to 15% 
with a sun elevation angle of 60 : . 

Simulations for highly insulated low-energy buildings have shown that even when the 
south-facing facade is largely covered with a TWI) heat insulation system, the excess heat 
m summer can he expelled by night ventilation (Meyer. 1995). The number of hours with 
ambient temperatures over 26°C is fewer than 50 over the reference building with 
conventional insulation and is altogether below 300 hours per year. 

On the oilier hand, at angles of incidence of 60°. capillary material with a glass covering 
displays a very high total energy transmission factor of 35%. In this case, sun protection is 
unavoidable, when the facade is largely covered. If nocturnal ventilation is not possible, 
e.g. in oflice buildings, shading of the TWD surfaces in the summer should likewise he 
prov ided for. 

The orientation of the transparently insulated facade is crucial both for energy gain in 
the winter and for protection against overheating in the summer. Facade orientations 
between south-east and south-west are suitable. Twice as much energy, some 400 kWh/nr. 
falls on a south-facing facade in the heating season as on an east or west-facing one. In 
addition, the low winter sun position leads to good light transmission by the TWD material. 
In summer, on the other hand, only tike south-facing facade offers a certain natural sun 
protection with low transmittance. 
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7.2.2 Materials used and construction 

TWD capillary or honeycomb structures are assembled from thin-walled plastic tubes and 
welded by a he* wire section or manufactured into strips of any width from extruder 
nozzles with an almost square cell cross-section. The typical cell diametre is 3 mm. 

Two polymer types are in use today: Polymethyl methacrylates (PMMA) and 
polycartionates (PC). PMMA is characterised by high transmittance and by good UV 
stability. Due to the biittleness of the material and its poor firc-rctardanec (class B3». 
PMMA is bound between window panes. For this, a qcontplex mullion-transom 
construction is necessary, leading to system costs between 400-750 f/m\ The cost of the 
10-12 cm transparent insulation is ty pically only around SO €/nr: it is the glazing and 
attachment, at approximately 250 €/m*. plus shading items such as blinds at around 
150 £/m\ w hich drives up the costs. 

Polycarbonates are mechanically more stable and can also be processed without glass 
covering: they are. however, not very UV-resistant. Their fire retardance is better (class BI) 
and the material is temperature-resistant to about I25“C. Polycarbonate materials can be 
used in heat insulating compound systems. The covering plaster is an aery I adhesive mixed 
with 2.5-3 mm diametre glass balls, which is applied in the factory directly onto the 
capillary material. Additional LTV absorbent can he likewise biought into the cover plaster. 
Such heat insulating compound systems can be manufactured with substantially reduced 
costs of around 150 €/m\ since there are no complex glazing and shading systems. The 
weight of capillary materials is around 30 kg/m . 

Capillaries made of glass are manufactured like the polymer stmetures. but are 
complicated to produce due to high processing temperatures and the associated engineering 
problems. Glass capillaries are much more temperature- and UV-resistant. but likewise 
mechanically mu veiy stable. The recycling ability of glass, which is also possible with 
PMMA. is advantageous. Polycarbonates, on live other hand, are recyclable only with high 
energy expenditure and with quality losses. 

For glazing systems with smaller thicknesses of 2-3 cm. aerogels are suitable. These are 
highly porous, open-pored solids consisting of more than 90% ait and 10% silicate, with 
very low heat conductivity (X = 0.02 W/mK). Aerogels are made of silica gel and can easily 
be poured into the cavity of double glazing. They are not inflammable, are easy to dispose 
of and to recycle. The significant disadvantage is that their light transmission is only around 
half that of capillary materials, and their sensitivity to water is also a problem. Water 
penetrating into the edge network of double glazing is absorbed by the aerogel material and 
the sensitive structure is broken by the capillary forces. 


7.2.2.1 Construction principles of TWD systems 

Transparent heat insulating systems are mainly used in two types of construction: 

I. as a mullion-transom or element construction with framed TWD panel elements. To 
avoid dirtying of the TWD materials, live external covers usually consists of two highly 
transparent, iron-poor single glass panes. Element constructions are characterised by a 
higher degree of prefabrication with a corresponding cost-reduction potential: from the 
outside it is often impossible to distinguish between them and a mullion-transom 
construction installed on site. 
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Shading mechanisms such as blinds or shutters arc preferably inserted between the 
outside window pane and the TWD material. Lamella type systems can also be used in 
front of the facade, and display high woiiing reliability when few movements take place 
between open and closed status or when in an always-lowered status. 

2 . as a heat insulating compound system with frameless direct installation. The trans¬ 
parently plastered capillary structures are supplied with a fabric for attaching the plaster to 
the conventional insulation, and fastened to the external wall with a black adhesive that 
serves as an absorber. 


7.3 Ileal storage by interior building elements 

Heat storage by the interior components is decisive for the degree of the useful energy in 
both passive solar use by windows and in transparent heat insulating systems. Only if solar 
gains do not lead to overheating of the interior can the heating demand be reduced. The 
heat storage capacity of components can be roughly estimated from the storage mass, the 
thermal capacity and the possible rise in temperature of the storage mass. Thus, for 
example, a solid concrete wall with a thickness d of 30 cm. a heat capacity c of I kJ/kgK 
and a gross density p of 2100 kg/m' can store, w ith a rise in temperature of 5°C. an amount 
of heat of 0.875 kWh per square metre of surface. 

— = pdc AT s2l00-!iS-X0.3mxl.0-H_x5K = 3150—= 0.875 (7.18) 

A m kgK m" m 

This view presupposes that live component is completely warmed or cooled to the 
temperature levels forming the basis of the calculation. This would presuppose very high 
heat transfer coefficients and high heat conductivities, which in practice is not live case. To 
what extent the storage capacity can be used depends, apart from the material values, 
primarily on the duration of a rise in temperature. 

If. by dynamic calculation methods or by measurement, live amount of I veal Q per 
surface A is determined which flows in a given period into the wall, then from this an 
effective thickness </„, for the wall can be calculated, whose storage capability is fully used. 


A cp&T 


(7.191 


During a three-hour rise in temperature, a concrete wall (with A = I nr surface) can. 
largely irrespective of its thickness, take up approximately 33 Wh for each Kelvin of 
temperature rise (with heat take-up on Ivoth sides). This corresponds to an effective 
thickness of approximately 5 cm. With a six-hour rise in temperature this value is approxi¬ 
mately 9 cm. 

If the healing up of a room is to be calculated, then for imigh estimates the amount of 
heat Q flowing into live component can be calculated via the heat transfer coefficient It, and 
the temperature difference between the component surface T,\ (at the beginning of a time 
step Ail and the room air T r 


Q = hAAi[T-T tl ) 


(7.20) 
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Muir the time-*u*p the new temperature of the u moment 7.: results from tlie stured 
amount of beat (?, = (): 


l:=r, 


Q. 


Acpd 


(7-2M 



Figure 7.7: Amount of hat flawing into a ranpanaii and the cllivuvu Uirugi 
mots Ihuiniss i/,. 


This process is re|teuted wnh each limc-siep. Foi a more exact calculation of the 
temporally variable temperature distribution, an energy balance for a volume element of the 
storage mass must be created which leads to the classical thermal heat conduction equation. 
For simplicity, only one dimensional temperature distributions will be derived, i.e. from the 
aii over the surface into tile component depth. 

For passive solar energy use the follow ing boundary conditions play a role; 

• the storage capacity of components during brief variations in temperature in the 
room caused by solar irradiance or air tempeiature modification. 

• the potential for night cooling by utilisation of the periodic modification of the an 
tempeiature between da> and night. 

• the temperature amplitude and phase shift on Use inner side of a transparently 
insulated wall. 

In all cases (real is only absorbed or dissipated via live surface of the component. In the 
component interior there are no heat sources, so a very simple energy balance for each 
volume element results: from an entering lieat flow O , by theimal conduction, pan leads ui 
the use in temperature in tlie volume element (heal storage Q, and the reinaindet is 
pas-red on by theimal conduction into ti*e next element 0 .. 




(7.221 
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The heat flow O x> entering through surfaee A is. based on Fourier’s law of thermal 
conduction, proportional to the temperature gradient at the point m 


6.-- 

dx 


(7-23) 


The exiling heal flow 1 (?„ at ihe point am + dx is. ai constant heal conductivity A. only 
different from g, if the teniperaiuic gradient has changed in ihe volume element, e.g. has 
become flatter during partial heat storage in the element. 




(7.24) 




A Taylor series expansion of live temperature gradient at the point i 0 + dx leads, if all 
higher-order members are ignored, to the following simplification: 






*1 

d'T 

dx 1 


H 


dx 


(7.25) 


The amount of heat Q t , stored in the volume element dV=Adx is given by 


tIT 

Q, ™pdvc— 

dl 

Thus tl>e energy balance Equation (7.22) I e-ads to: 


(7-26) 
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(7-27) 


where u = — 

p. 

and I0 J m7s tor metals. 


m' 


is termed the themial diffusivity: it lies between 10 nr/s for wood 
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7.3.1 Component temperatures for sudden temperature increases 


With periodic boundary conditions or with temperature-equalising processes, the 
differential equation ean be solved by a pioduct approach, with one function dependent 
only on time and the other only on place. 

If a temperature jump on one side is given as a boundary condition, an approach with 
the Gauss error integral lot error function eif (;)) leads to a more general solution than the 
product appioach. since the initial temperature distribution F(i) at the point in time r = 0 
can assume any values. The temperature and time functions are. however, no longer 


(7.28) 

From this general approach, some solutions for simple boundary conditions can be 
represented analytically. Thus for a concrete floor slab, the change in temperature at a 
certain depth (as an indication of live utilisation of live heat storage) as well as the heat (low 
occurring through live surface and the stored I veal 0, as a function of live duration of 
the temperature jump at the surface can be examined. Far more relevant in practice is the 
case of a temperature jump in the room air. which is transfeued via convection to the 
component surface. This situation is very complex in its mathematical derivation and is 
therefore discussed later, with solutions given. 

The temperature distribution for a component with a constant initial temperature T- and 
a temperature jump at the component surface to zero for / > 0 is directly calculable from the 
Gauss enor integral. With the substitution 



n = ^-- d^=di]^t F (S)-T. 

\»4 al 

ihe result from Equation <7.28) is: 


IM 

l 



(7.291 


Factor 2 results from splitting live integral from Equation (7.28) into two parts and the 
symmetiy of live function exp-rj'i. Strictly, the solution only applies to a semi-infinitely 
expanded body, but can also be used for shorter time intervals (a few hours! for a finitely 
expanded wall. 

The enor function erf (z) can be approximated with an error < 2.5 x 10 ' with an 
exponentially dampened polynomial function of third order (Wong. 1997). 

With the auxiliary v ariable /«---- the approximation equation reads 

I + 0.4 7047 X; 
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erf (r ) = 1 - (0.3480242 x/»—0.0958798X p : +0.7478556xp‘)xcxp(-r s ) (7.30) 

From the values of the error function one can directly determine w hich temperature Tlx. 
i) prevails at any point .i and time r. If. on the other hand. the penetration of a given 
temperature ratio Tlx.i) to the initial temperature 7. at time r or depth.»is to he determined, 
liquation (7.30) must be solved iteratively for z. and .i and r must he calculated from 
: = x)-jAoi . The graphical representation of live error function for direct reading of the z- 
value from the function value erfhl = T/x.O/T. is represented below. 



Figure 7.8: limn luraiixi <rfl;) - Tli.llT as a fiinclxin of : = .«/ . 


The temperature jump must always take place from the initial temperature T„, to the 
jump temperature 7, = 0"C. If this is not the case (7, * 0). a standardised initial temperature 
7. is calculated from the temperature difference of the initial temperature 7 <0 and live jump 
temperature 7,: 7, = 7,„ - T r In what follows, the calculations are always based on a 
standardised initial temperature 7. and a suifaee temperature of zero. 


Example 7.1 

(iu 2CTC coracle (or wooden) tlixr. a surface temperature jump to T, ~ ■ 30"C occurs. Over ntm period 
of time his the temperature at a depth of 20 an risen by S'C? 



Heat conductivity 

A |W/mKJ 

Omni)' 

fi |kg/m’| 

Heal capacity 

c (kJ/kgK) 

Thermal diffusivit}’ 

« IrM'vl 

Concrete 

1.28 

2200 

0.879 

0.60 x ! 0 fl 

WXMXl 

0.2 

700 

2.4 

0.12 x I0 fl 


In order to adapt lb: boundary loralilxm to a lenyvnilme jump of the surface Icinpcralurc Hi (PC, the initial 
floor temperature T.« - 20T n replaced by lb: slandudistxl initial temperature f - To- T, - 20"C - Wt 
— - IOC. A te m p e rature me Jltjf of 5'C al a etinpnnetu depth of 20 cm (bus corresponds lo a temperature 
cooditiaa 

r(v=02 B ., )= ^c =05=wf(j) 


r 
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TTic itnainelv tafculnlnl : vihn (ivlucli can liw In: irad off Finuiv 7.HI 11 : a 0.477 = _ . Finn 

Juii 

I = - lit rciuh far lit corwn.li' cviluut is j lerapaalun.'-mc lint of 185 lmm>. anil li* lit wnvlcn 

-tar' 

ceiling 111 hours. 

If the temperature ratio Titj/T, = is represented as a function of time, ii can lie 
seen how quickly a surface temperature jump piopagates into the component. Foe i > 0 the 
temperature at (= 0 is at fust the constant initial temperature T, and the temperature ratio is 
umt> . With increasing time, tire component temperature approaches tire surface temperature 
of zeio. i.e. the temperature ratio lends towards zero. 



Figure 7.9: limn tunciion — 7t i JIT at a timctim ol time lor concrete limn with ibmn.il ditTinisny 

a - 0 Mi» 

After 12 hours, half of tlie surface teuiperature increase (Vx.It/T = 1)5) is at a 
component depth of 16 cm for tire concrete floor, which illustrates the limitation of the 
effectively usable storage capacity. Only with times » 12 hours does the component 
temperature approach tire suiface value of zero < Tix.il/T_. —* 0 ). 

For wood with a lower ihcimal dilfusivity u. a surface temperature jump cleaily 
continues mote slowly. 



0 2 4 6 K 

tmr t [h] 

Fiwiir 7. ID: Tcit^xialurr field m the Limpi.vicnl as a functxin uftlnt. 


10 


12 













Alter 12 hours, half of ihe surface temperature increase has only reached a depth of 
7 cm. For component thicknesses over 20 cm. the temperature has not changed even after 
12 houis. 

The heat flow dQ/h entering or leaving the sutface A is proportional, based on Fourier's 
law, u> the temperature gradient at the surface: 


-XAT 


The treat flow is propoitional to tire so-called treat penetration coefficient l> 
falls with I /•ft. 


concrete 


wood 


Figure 7.11: Heat flux 
K temperature jump. 


function of lime for a concrete and a wooden floor with a 10 


The integration of tire heal flow over time results in the total amount of heat penetrating 
into the component when there is a surface temperature jump. 


sfajrj. 


Since the surface temperatuie for / > 0 has been set by definition to (PC. for 7\ the 
standaidised initial temperature must be used again. 


Example 7.2 

Calculation of the anxiunt of bait fVTxtJulcie a cumpcmcnt with a ternperctfure jump at the Efface of l OK 
lecr 0 - I2h &ir tla: hxxi flours Innn lixamplc 7.1. 
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The brat penetration coefficient b = k* concrete is 1.573 kJ/(m J K^), and for wv>od it k 

0.579 kJ.fm'K V* > Thus within 12 hours an amount ofluat of3689 kJ m : - 1.02 fcWhfal 3 is bcixicht into 
the concrete ceiling anil 0.38 kWhirr into the wuxkn ceiling. 


The amount of energy stored within a component is. like the heat flow, directly 
ptopoitional to the heat penetration coefficient b and to the temperature jump AT at the 
surface, but it rises with the root of time. 



Figure 7.12: Annum of energy kxl ink) the coinf*mcnl with a rise m Icmpculure at the suiiuc of I OK. 


Usually, however, it is not the surface temperature but the air temperature which is 
known. Between the air and the surface temperature change tliere is a phase shift and a 
dampening of the amplitude. At a given air temperature T, and a given I teat transfer 
coefficient h between the air and live suifaee. the temperature field 7U.r) can be calculated 
as follow s (Grober. 1988): 



At the surface a = 0. therefore, the following temperature appears: 


(7.33) 


?('-* 




(7.34) 


Iixaniple 7.3 

Calculabon t>f the temperature <>f a cuiktcU: ceiling at the surface and at a depth of 5 cm Jbr / - 1 h axxl t - 
10 h with panuiKtcn* thxn hxampk* 7.1. if the air temperature, rather Ilian the surface tem^CTalurv. juirps to 
30'X*. 1\k brut transfer coefficient h is 8 W nf K. 
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First the turtle tempraturr is cikmloiaJ fee 1 — 0 mine FquulKin <T331. For r • 1 h te teirpenitim: at the 
surface i\: 

T(t = \h.x=0)/T =0.73 



With an air temperature jump of 10 K. th: ratio of the Mirfacc temperature to 0*: initial body temperature f, 
after ime hour is still at 73* t, i.c with the selected hourxlary coaditxm for hnitxnu. the sirtarc tempnulun: 
his irueavcd by f1-0.731 X 10 K - 17 K Ate / - 10 h the temperature ratxi be 43.8%. The sistee 
temperature has then inaruwd by S 6 K. 

At a depth of 5 cm. th: ternperutiee mho alter t — 1 h is 0.903. i.c. the temperature has only oioeased by 1 
K. Ate 10 hours tlic temperature ol a ikpth of 5 an lias increased by 4.33 K. 


Willi air temperature modifications the potential for heat storage with a limited duration 
of the temperature jump is clearly smaller than with direct impact of the temperature jump 
on the surface After 12 hours the surface has only taken up of the an temperature 
jump. i.e. the effective storage capacity sinks by 4(Kfr. 



tinrl (b) 

Figure 7.13: Temperature ratio as a functxin of Ume at a given au tempraturr fur the nuivnal cixxTtte. 


The surface teiupeiuture changes duttng un an temperature jump essentially depend on 
the relation of the heat iransfet coeffieient h, to ilie heat conductivity A of the component. 
Component surfaces of materials with low heat conductivity cleatiy assume the air 
temperature faster (i.e. 7u = OjVT. becomes zero) than components which conduct heat 
well. Deep in the component, on the oilier hand, a temperature jump of air continues only 
very slowly with poorly conducting materials. 
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Figure 7.14. Rviuiim of lire Kurthiv tcmfreralurr la lire initial buth tun^vraturc during an air tenjxjuture 
fun^i of 10 K. 


Hie heat flow density into the iimtponem can he obtained either from: 


Q 

A 


A Al-r„) 


or 



vs iili the common solution for an air temperature jump f„ to zero: 

m 

Since the temperuture difference of tlw surface />,» = 0) arul air T„ (here zero) is larger 
at tlie cum tete surface than at the wood sutfaee. the larger heat flows ami stored amounts of 
energy occur there. 


Ja, \ 


(7-35) 


2L=-A7; exp|| - 


PH 


I-«/ 



Figure 7 13:1 leal tlux into wood arxl concrete at an azr temfX’rature |inp ot 1(1 K. 
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To calculate tlic uinuuni ul heal Q for each unit urea A which has flowed mm ilie 
component nil (lie point in time i/. the heat flux density Ql A must be integrated over the 
uine. A solution to tins problem is probably very complex- It is simpler to calculate the heat 
flow density in smaller lime intervals and total afterwards. 

with = A. (7.361 



Figure 7.16: Annum uf heal iloaii in Ibc materials on an an teityxiatim )unip of 10 K. 


7.J.2 Periodically variable temperatures 

Apart from tcmperatuic jumps, for practical applications pctiodic changes in temperature 
caused by the external climate aie of particular importance. The outside temperature 7, and 
the iriudiance converted to a fictitious sol-air temperature can be approximated as periodic 
functions of time / with a period to of 24 hours and an amplitude T M . 

The analytic solution of the thermal conduction equation is. as with the temperatute 
jump, simpler for a periodic boundary condition at the surface. Firstly, therefore, the 
maieiial temperatures of a semi-inlinitcly expanded component with periodically varying 
surface temperatures 7i(r) will be calculated, and only afterwards will they tv generalised 
to the boundaty condition of the air temperature. With a peiiod duration /„ and an amplitude 
r.„. the surface tempeiature /.( ft is set as follows. 


7 .( # )" r « 008 



(7J7> 


Proceeding from a product approach for the temperature field r(/..t) = q>(/)y(.i). for 
the time function the complex exponential function c\p(///r) = cos(/j/)-f/sin(/tf) 
selected as the periodic function. With this approach for the time function and 


is 


J'T JT 


d<p{t) di = the thermal conduction equation u ——» — become* 

ds‘ di 
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.r'Y(x) 


Jx'- 

•'H') 


exp(tpi ) - <IV (•« )exp (ip/) = 0 


(7-38) 




xvith Ihc solution 


V(x) = Cexp 


■ 8 ) 


(7-391 


and 


T (f..«)=Ccxp(t/>/)exp| •U-'- 



(7.401 


which can he split into a real and an imaginary part. After some rearrangements and use of 
the surface boundary condition at .i = 0 . the constant of the imaginary solution becomes 
zero and the real temperature field is 



(7.4I| 


The wavelength .n of the cosine funetion results in = ijxat, from the relationship 
x, ^it 1 (at,) = 2n . and the propagation rate of the wave is i = / t, = iJaaTt^. The 
subsiding exponential funetion dampens the amplitude of the wave with rising x. The 
temporal phase shift t, of the temperature wave at component depth x compared to the 
surface x = 0 is 


2 k fir x H7 

-=■* -=>', =T.(— 

y or, 2 \ ax 


(7.421 


A periodic change in temperatuie at a component surface is seen in transparently 
insulated components in which the absorption of solar radiation on the wall surface leads to 
a periodic change in temperatuie. 

With Equation (7.411 the periodic change in temperatuie within tire component can be 
calculated with exponentially dampened amplitude and period duration r.. Tire temperatuie 
field Tf.i.r) is related for illustration purposes to the amplitude of tire surface temperatuie 
fluctuation T„. Even at just 5 cm component depth, the surface amplitude of a concrete 
wall is reduced by 30%. The phase shift between the maximum surface temperature and the 
temperature at a depth of 5 cm is 1.5 h. 
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Figure 7.17: Variation in temperature 7U 'I Donrulxsed to the antpfctuck; unwrxl tlur .naap: value a* a 
furvtim at* time aiul component depth .y in 5 cm steps tor a cccvnMc building ciwyunatL 


Kuunplc 7.4 

On a solid wall with transparent llxnuil insulation, th: absurHx tcir^XTatinv* reaches 50 n C dunnu tlu: day 
and talis to MFC at rauht To which value Isis the ampdituJc diupjxnl after 24 cm 138 an) wall tluckncsi 
and after hem* many txiur* has the utrpluude na;K*d * — 024 m (038 m>? The thermal diftiimity *J of the 
will I* 0.66 X 


The phase shill between die maximum sur£a.e temperature and imxzxrum tisnperahR at 24 on 138 ant 
wall tlixincss LS 


0.34m I 


|0.6t)Xl(T* ——Xff 

M 


= 6 8 h 


and I O S h with 0.3H rn wall diiekncw Tire amplitude ratio i 


*•<«) 


* = exp 


—024m I-,- 

JofAxitr 4 —x’ 


4AXJ6IXI- 
h 


= 0.17 


fie the 24-cm wall and O.Oh lor the 3S cm null. TH: tar^vratmc amplitude. which amount* to 20 K anrunJ 
the jxcrauc value ol’30 : C. isdampvncd to 3/TC and 12 r C napectsveiy. 


The heat flow into a component with a periodic tcinperatute boundary condition is attain 
calculated, using Fourier*s law. fnint the tempcratuic gradient at the surface 
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(7.43) 


The heat How 0:A is proportional to the surface temperature amplitude T tn . 


Example 7.5 

A building with concrete ceiling is to tv paemelv cixtled by night svntilalion. The Mjrtbcc temperatures 
can be approximated with a cossnc function with an asvragc valiv oi22'X\ a maximum dn iatiixi of ±5 : C 
and a jktxkI duratuxi - 24 h. 

The heat flrnv remitted. based ixi liqustiixi f7.43>, is a nuxitnum of -T>7 W/m 2 with a phase shift to the 
temperature of tyK. ir. 3 hixirs. 



time t [h] 

Figure 7.18:1 teat tlux into a cixxnrte ceiling with a penodv surface lemfxratun: at amplitixle F*, - 5 C C. 

The integration of the heat flux results in the surface-related eneigy Q/A. If the stored or 
removed amount of heat is to be calculated, the integration limits i x and i: must be selected 
in such a way that only positive or negative heat flows are integiated. From Example 7.5 it 
can be seen that between the maximum heat flow and maximum surface temperature a 
phase shift of icM exists, i.e. one-eighth of a pciiod. 
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(7.44» 


The stored amount of heat of a half petiod results from the integral of the positive heat 
flows with a lower integration limit of i, = 5/8 r» and an upper limit h = 5/8 f 0 + iJ2. the 
released amount of heat from the integral being between r, = tj 8 and 5/S / 0 . 


Example 7.6 

Culculatxm of the energy rrimval m a half period (12 h) by night cooling with a surfan: temperature 
amplitude of 5 K. 

From liquAiixi (7.44) the result is an aniunl of energy removed by night cooling of -051 kWh in' at a 
lower integration Imut of6 - r»H. 

Normally it is not the surface tempeiature T which is known, but only the air 
temperature T„ with amplitude T m and the heat transfer coefficient h between the ait and 
the surface. The analytic solution corresponds to the solution with the surface temperature 
as a boundary condition from Equation (7.41), w ith the amplitude dampened by a factor //,, 
and a phase shift f„ occurring due to thermal resistance between the air and the suifaee. 


n*>'> 


r ( I x ^ 2* I x 

Ofoexp -x 1— Los — i- e,+x J — 

{ V u, ‘) '• \ al >, 


(7.451 


with 


and 



At x = 0 the suifaee temperature f, is obtained with amplitude dampening rj, and phase 
shift 


r(.t = o./)=r =rj7 ( eos 




(7.46) 
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Example 7.7 

Culcubixm oi the *urtare tcnpcrulure amplitude and the phatc vhitl £. Ii>r th: concrete ceiling in lixainple 
7.5. with a heat transfer coefficient h - K W.nfK. The an temperature is to have an amplitude of ±5 K 
around an average value of 22 X*. 

With 






m* K 


-/i.: 


«2L 

mK 


-s 1.41 


0.66X I0 W ' — X 24* X 3600- 
x h 


the result w 


n ' \1+2VT4T + 2X1.4 


= 0.4 


The maximum temperature anplitude :* the surface is Dow only T =5Afx0.4 = 2Af . and thu* the 
removable energy tall* by 60%! The phave shift r* 


f, = arc tan 



2K.5° * re. in a 24 h period *carecly 2 h. 


7.3.3 Influence of solar irradlance 

If. in addition to ait temperature tluetuations. the irialliance on a component surface is also 
to be considered, the use of a simple energy balance model is recommended, with which 
the slum-wave solar irradiance is converted into a so-called sol-air temperature. With the 
help of the sol-air temperature, the analytic solutions of tire thermal conduction equation 
already discussed can then be used. 

The heat flow supplied to a component surfrce consists of the absorbed irradiance at.’ 
plus the heat flow transferred by the air (temperature 7",.) to the surface (T, 1 with the heat 
transfer coefficient h. This supplied heat flow is combined in a simple model, ignoring 
temperature-dependent modifications of the heat transfer coefficient h, into a purely 
temperature-dependent heat flow described by the sol-air temperature T&. 


a(i + h(T,-T) = /,(r Sl -l) 

r.-c*!£ 

With the sol-air temperature 7 V . the treat storage in components can then be calculated 
with the solutions of the themial conduction equation already considered. 
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Example 7.8 

Calculation at* the wl-air lanpcnluie and the energy stored xn a concrete tkx>r. with periodically varying 
xrraduixc at an ainplitud: <>f 5Q> W.'nT arxl period 4, - 24 h transmitted through the window*. an 
jbsurptxm coefficient of th: tkicc of tt- 0.6, a room air and ceiling average temperature T 0 - 20°C and a 
heat transfer eoeffieient ft - K W/nTlC. The maximum sohair temperature is: 

0.6XS0<>iL 

T Um .= 20V +-fj—2!i = 57.5V 

8 nr AT 

Via the tictitxiux sol-air temperature, lint the surface temperature at th: concrete surface k calculated. arxl 
from th». using Kquutxm (7.441. the stored energy per square metre of surface. 

Using Evampk 7.7. -0.4 and thus th: nxixxnuim air temperature iluetuation of57.5°C - 2(XT' - 375*C 

k reduced to a luiunmn surface t e m p e r ature Ductuatxin of T vrio - t], (T &</<l -T c J - 15X\ The energy 
stored during a half period is 1.54 kWh m : . 

2flL=£^=3.8^ is transmitted 

/, I * m 2 

through the glaring dunng the half period, and of it 60%. lc. 2.3 kWhm\ is ahstxhal hy the concrete floor. 
The difference between the absorbed irrrxliancc arxl stared hrat his born transferred over the heat transfer 
cixfKxnt ft dircetly to the room air. 


Y . t l 

Altogether. however, an imxliance o! I (rJt = G I sml 




8 Lighting technology and 
daylight use 


8.1 Introduction to li^htin^ and daylighting tcchnolo}>y 

Lighlmu technology deaU primarily with the supply of sufficient. glare-free lighting lie 
workplaces and dwellings. Light, however, also assumes live important I unit ion ol 
orientation in the interne and lime, and enables reference to tlie evleiue. These qualities are 
supplied predominantly by daylight aiul contribute iiunally to visual comfort. 

Hie human eye iv optimally adapted to the visible spectral range ol solar radiation, so 
that with sliort-uave solar irradianee there is a higher luminous ellieiency pel Watt ol 
power Ilian with must types of aitilieial light. Lfficrenl daylight use thus eontnhutes 
directly lo reducing energy consumption. Ill particular in administrative building* (IXnkla. 
200 ( 11 . 



ilgiac H I. Average electricity conumipcna and lighting coninbuhon fie small consumers (ir.uk.-s. 
service wcloroul public iccliel in Germany. IW«. 

Iht average propoilion of lighting in electricity consumption is Mfi in an 
administrative building, compared to only about 5'i in die iiuliivinal sector. Due to die high 
luminous efficiency ol daylight, tire internal thermal loads due to lighting aie reduced, and 
thus also the problem ol summer overheating in offices. 

Daylight is predominantly used via conventional window openings. Special components 
are available lor glare and sun protection, as well as for light distribution to the depth ol tire 
room. In particular in computei woikplaccs. glare shielding assumes a crucial rule in 
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daylight technology. Glare shielding systems slum Id be based on the criteria of brightness 
reduction, light permeability, visual contact outward and light guidance lai into the room. 
Textile anti-glare blinds reduce Hie brightness by tlieir |xulially translucent layers, but 
cannot redirect the light. Also, with absorption and reflection glass, the decrease in glare 
luminance is proportional to the light penneahility. With glare-reducing blinds, lire user has 
more control. Transparency and visual contact outward can be improved by perforation. 

Daylight-guiding elements within lire upper window section (mirror-type lamella., 
prism systems, etc.) also contiibute to tire reduction of glare in tire window area and to 
improved illumination-in-depth of side-illuminated rooms. With an overcast sky. adequate 
illumination cannot be ensured even just 3 ni deep into a 3 m high room with a window up 
to lire ceiling. A light-guiding element of 20 cm shifts tire area of sufficient illumination to 
a depth ot 4.5 m. 

Ihe light guidance of direct radiation to the ceiling as far into the room as possible can 
be achieved eitlrer by fixed nimui-lamellas. prism systems, translucent insulation materials 
oi tire like. Cheapest and most widely used are mimir-latnellax divided into two parts, 
which guide light within Ihe upper section of Ihe window, while tire lower area remains 
closed to reduce glare. Apart from open lamella systems, specially reflecting lamella 
pioliles are also available lor lire space between panes, consisting of two mirror pioliles 
opposite one another, lire light reflected upward, by lire lower minor profile is. with a 
steep angle of incidence, reflected out from lire pane by lire minor in Iron! (sun protection); 
with a flat angle of incidence it is channelled inwards by the second mirror at Ihe hack. 
While lire profiles mainly have a sun protection function with a high sun position, a light- 
guiding effect can be obtained when tire sun is low . Lanrellas between non-ventilated glass 
panes, however, often cause high glass surface temperatures and thus avid to tire cooling 
load of the building. 

Prism-profile panels use lire total reflection ot tire light either to block it (sun-protection 
function) i«r 10 channel it. They are usually inserted between lire panes. Prism systems are 
translucent and therefore only used in the skylight area or Ihe Overhead area. Sun-protection 
prisms reduce tire sky brightness and thus Ihe glare problem by a factor of 100 even with an 
overcast sky. 


S. 1.1 Daylighting of interior spaces 

Tire illuminance level during daylight use in tire interior is typically between 2'? and S'.fc of 
lire exterior illuminance, corresponding to a mean illuminance of 200-500 lux (Ixl in lire 
interior. Ilie relation of Hie interior illuminance E, to die horizontal exterior illuminance £, 
is termed lire daylight coefficient t). 


« = ( 8 . 1 ) 

A room lit by daylight, fur which no perceptible diflerence in brightness between 
outside and inside is to exist, must have a daylight coefficient of at least 10 %. i.e. 
illuminances of 1000-3000 U or more. Ihe visual sensitivity of Hie eye is almost constant 
in relation to further brightness increases. The illuminance ti is defined by the ratio of tire 
light flux <t> (lumen) and the illuminated surface area A Jin'). 




Sisilnr tcirlinutoaK* fur butlilmiH 




( 8 - 2 ) 


In reudennul buildings, the iiununum daylight requirement is essentially characterised 
by the avoidance uf il«r impression of a dail room, corre sp o nd ing lo dayliglu coefficients 
ul around 0.9*t halfway into the mom. Kir offices in which all wmkuuiiom are near 
windows, an illuminance ul .'Oil I\ is sufficient: in offices with computer workstations 50(1 
U is necessary, and lor open-plan offices or drawing workstations. 750 lx is required. 

Uamplr 8J 

Calculation of the inrun illumiiuncc f« a 3 m high office ol' surface arru 4 m * 5 m, with a window 
area of 9 m" wall 40* • mini transmission I including the framwork proponion) Ihe outside available 
illuminance un the t erll.al window area tei nil inciiast das is lo be 4500 lux I Is I 

Light (lux onto Ihe enure window nreu 4500 lx X'inv - 40500 Im 

Transnuiicd light rim into the office: 40500 Im X 0.4 - 16200 bn 

Lighl ilu« related In a square menu of office surface 11-1 111 - 810 lx 

20 nr 

ll is nul (Ire quantity uf light which is lire problem, but Ihe unfavourable distribution ul 
lire davlighi. Purely tide-illuminated mums are characterised by an almost exponential (all 
in Ihe dayliglu coefficient. su near lo windows glare- problems occur. and with increasing 
mum dcplh illuminances are lou low . 

Kir ihe use of dayliglu. glazings in ihe upper window section which enable good deep 
illumination uf tire mom are paiUculaily favourable. A centrally arranged I m high 
window m a 3 m high room leads to an exponential lull in tlie dayliglu coefficient with 
increasing room depth. An arrangement ol the same window height just below tlie ceding, 
on die other hand, increases ihe day lighl coefficient in the room depth. The highest daylight 
coefficients are obtained with a window front over the entire room height. 



figure H 2: Day light ciieiTicicnl in tlie 3 m high sidc-dlumitutcd room far a window from Ihe flour up 
lo the ceiling cu winduwi m each caw I m herein centrally or within lii: area helou Ihe ceiling 
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8.1.2 Luminance iontra.il and glare 

Apart from the supply of sufficient illuminance. the main issues in administrative buildings 
are problems with workstations which must Iv illuminaleil. glare-free and with low 
Contrast. Disturbance effects arise w ith very uneven distribution of the lununanre. which in 
the worst eases impair the visual function (physiological or disability glare). The contrast 
between llie object and the background luminance is reduced due to scattered luminance 
entering live eye sideways and tlie eye functions, such as distinction between nearby objects 
ui contrast sensitivity, are reduced, llie luminance is defined by (he light llux. which is 
radiated Irom a surface into a spatial angle. At luminance levels above 10* cd/m : absolute 
glare occurs, where objects can no longer be distinguished w ithin live visual field. 

With psychological or discomfort glare a sensation of disturbance ts caused witliout a 
real reduction in the eye's capability. The contrast relation between object luminance and 
surrounding luminance, which is experienced as pleasant, depends on the absolute height of 
llie surrounding luminance and (bus on eye adaptation: the higher llie surrounding 
luminance, live lower llie sulgectively perceived brightness ol an object luminance. This 
relative glare due to too large luminance contrasts in llie visual field, which occurs most 
frequently in lighling technology, can therefore be reduced by raising the average 
luminance. 

Average luminances ol a monitor are approximately 1(H) aim", while the liguie lor a 
window is about 45(H) cd/m\ even with an overcast sky. Ihe luminance contrast of 1:45 is 
so lai over ihe acceptable contrast ol 1:15 that glare reduction measures have to be taken. 
Ideal luminance contrasts between live visual task and darker immediate surroundings are 
only 3:1. w ith more distant surroundings 10:1 and should not exceed v alues uv er 20-40:1. 


8.2 Solar irradiancc and light llux 

Optical radiation is port of iIm electromagnetic radiation wilh wavelengths above 1 mn 
(upper boundary of Rdnlgen radiation) up to I mm (lower boundary of radio waves), live 
radiated power /’ transported by the electromagnetic waves can be calculated using live 
I’oytiling vector .S' as a cross-product of electrical and magnetic field vectors li and // . 
integrated over a closed surlace A surrounding the radiating source. 


<t = Exll 

P =\SdA < 8 ' 3 > 

A 


Ihe solar irradiancc covers a w ide spectral range from about 0.3-4 |lm due to the high 
temperature ol lire sun's surface. Tire measured radiated power per square metre is the 
irradiancc (1 |\V/m*| and ts a so-called radiometric quantity. As the human eye is only 
sensitive to a small spectral range of 0.38-0.78 |lm. the radiometric units have to be 
converted to eye sensitivity weighted photometiic quantities, live light llux <I> |lumen| as a 
photometric quantity is tlx- sensitivity weighted power. II Ihe light flux is determined per 
square metre ol surlace. ihe illuminance E, |lumen/m*| is obtained. 

Ihe lighling requirements al workstations are between 3IX) and 1000 lumen per square 
metre depending on lire visual aspect of Ihe work (EN 12464: lighling of workspaces in 
interior spaces). The illuminance describes the light llux 4> onto tlx- work surlace which 
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mulls lium lire imdiulcil power. be it solar radiation or artificial light. weighted Wilh Ihe 
S|wttlral sensitivity til ihe eye 


6. 2.I Physiological-optical basics 

The human eye is jii -almost spherical object of 24 mm diameter and about 26 mm length. 
The pigmented iris functions as a lens with varying opening diameters between 2-8 nun. 
depending on ihe object s distance and average luminance. Ihe maximum sensitivity ul the 
retina cells during the day is 55.' X Iff* in <555 nml. i.e. in live green Colour area falling to 
rent in the short-wave area below 580 run and in Ihe king-wave area above 780 nm. This 
spectral area is called v isible lighi In some international norms the spectral boundaries fnt 
Ihe visible part are niunded to400run Ul 800 nm. 

About 6.5 million cone cells, responsible for colour vision, are concentrated in the 
centre ol the retina and contain ihree different dye siulfs with maximum spectral 
sensitivities at 410 nm 531 tun and 558 nm During illumination the dyes chemically 
change (isomerisation) and need around six minutes lor regeneration, live rod cells, which 
are responsible lor night vision, luve a maximum spectral sensitivity at 4% nm. are 
extremely light-sensitive due to very huge numbers 1120 million) and coupling Ol dillerent 
cells (up lo 32 ceils on one nerve end), live pigment regeneration time is around 30 
minute*. 



wawrlcnelh |nm) 


I iuujv N.J: KcIaUvr s^rctral wraiiiv ity HAl tit' the eye for iiiv viiicn with rrteu cells termed 
and fur myht visum with rod* 


6.2.2 Photometric radiation equivalent 

To convert an energetic radianl llux <b. (index c lor energetic) in units ol Walt into a ligllt 
flux <t>, (index i for v isualt hi lumen. Hie relative eye sensitivity VVA) at a given wavelength 
A must be known, as well as an absolute conversion factor between tint units, called the 
photometric radiation equivalent For each wavelength A. the light llux <X> , is 

converted from lint spectral radiatuig power <I> y. 
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^ _ maximum light )ha[lm ) (X.4) 

'**' radiative power |M , 1 


The conversion factor <«,„ results from the definition ut live photometric- Si-unit candela 
|cd). which describes the light flux <I> per spatial ancle ft (in steradiant |sr||. i.e. the 
luminous intensity I: 


<X> 


ft 



(8.5) 


for the definition ol the luminous intensity / in candela, a black cavity emitter (platinum 
with a melting temperature of 2044.9 K> was historically used, whose spectral radiant 
emittance can be calculated using Planck's law of radiation. A candela was defined as the 
light tluv |x-i spatial angle, which 1/60 cm' of the surface ol the black cavity emitter emits. 
The emitted power of this surface, calculated none Planck's law of radiation, is 1/673 W. 

Today a candeb is defined as the light flux of a monochromatic radiation source with 
tlie somewhat smaller power of 1/6X3 VV. which ladiates with a frequency of 540 x 10" Ha 
i.e. 555 nm. into a spatial angle of one steradiant. An emitted power ol I W pei steradiant 
thus results in a luminous intensity of 6X3 cd. corresponding to 6X3 lumen per steradiant. 

Since the wavelength 555 nm corresponds to the maximum relative eye sensitivity, it*: 
maximum photometric radiation equivalent is today X,_, = 683 Im/W. 

Example 82 

Cakulalran of the light flux for a light source of 10 W power with the wavelength A - 633 nm 
(red helium-neon laseri and with A 58S nm (yellow rctixuncc line of (he sodium vapour low 
pressure bmp). The rclalive spectral sensitivity is l’(633nm) - 025 or l’(S88nm) - 0.77. Based on 
liquation (8.4) the light flux is 

O = 683^X0.25 X10H = 1707.5/m or <b..... = 683^ X 0.77 XI0H'■5258/m. 

To determine the light flux and finally the illuniinaiKC on a surface of any radiation 
source, tlie entire spectrum must be weighted with the spectral sensitivity of the eye. 

A single value of the photometric radiation equivalent tor a given Spectrum (ol the sun 
or a lamp! is obtained by converting tlie energetic radiant llux for each wavelength into a 
light flux, integrating it over tlie visible area of the spectium and standaidismg tlie value on 
tlie integrated total radiation flow of the source of light. A source of light is thus 
characterised by the following radiation equivalent: 

*«. J *,'WA 

-- ( 8 . 6 ) 


I 
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Hr* an evenly Overtau sky a radiation equivalent of t = 115 ImAV results, based on DIN 
5034. Ihe radiation equivalent vanes, however, with cloud thickness, the vapour content, 
the bright of the sun etc., and can be between 90 and 120 ImfW. Hie diffuse radiation of the 
clear sky can assume values over 140 Inv'W: lor the direct component values, between 50 
and 120 ImfW have been measured. II one lelates Hie light llux to a square metre ol 
recipient surface. the illuminace E is obtained with the unit lumen per square metre 
(abbreviated to lux |lx|). 



(8.7) 


m i t — 

****...< 

/ \ 


Figure H.4: Light tlux and illummaiKC on a hsrinxiul 
surface. 


lable 8.1: Photometric radiation equivalent 


Lighl sourer 

Phoiomttnc radiation nfuivaUm t |IinW) 

evenly ovcrcjM sky 

ft 15 

diffuse mii&iiw of ihe clear vkv 

140 

direct coaiptxwn* of ihe clear sky 

50-120 


During lull exposure to tlie sun (1000 W/rtr). with a pholometnc radiation equivalent ol 
120 ImlW. an exterior lighting strength of 120 000 lx is achieved on a horizontal surface. 


d> -IM> -120— xlIXIO—= 120000—1= 120001V.. 

W nr m* 

Ihe annual average value of Ihe exterior lighting Strength is around 10 000 lx during the 
day. 


8.2.3 Artificial light sources 

50% of all artificial light sources are fluorescent lamps, consisting of a glas tube with two 
wolfram electrodes with an emitting surface at the ends. The gas filling is a mixture of rare 
gases such as argon or krypton <al a pressure of 70 Pa) and Hg (at 1 Pa pressure). Hie Hg 
atoms emit due to Ihe electric discharge in the ultraviolet region (mainly at IK5 and 254 
null and excite fluorescent material on live tube walls (halogen phosphate or others) to give 
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a continuous visible spcclruin. Fluorescent lubes aie not well sailed fur external 
applications as the liglu llux decreases 10 259! ai -ICC at ils normal value at 20°C. 
Compact lluoiescenl lights are folded lluorescent lights with lifetimes over I04XK) h. 
Fluorescent lights have photometnc mdiaiiom equivalents of Sll-XX ImfW. clearly lower 
ili-in daylight, and their power is obviously supplied by electricity. Electrical lightbulbs 
with hot wolfram wires provide a very low light flux of 6-16 lumen per Watt power. 
Halogen lights are slightly belter, as evaporated wolfram from live hot wire no longer 
deposes on the light bulb walls. Fuithermore. the pressure and operating temperatures are 
higher within the glass lube. At low power levels, light-emitting diodes Mart to piovide 
good luminous elficiencies at a w ide spectral range. 


Table S.2: Photometric radiation equivalent of artificial light sources 


Light source 

Deiaiption 

PtmtrP |W| 

Phit/omctnc' 
ri/dnirjon 
tquiwilcnt k 
(InVW'j 

lelc*tr*:> light bulb 

Wolfram glowing wire 2800K 

15-200 

6 16 

halogen lighl 

Wolfram wire at 300QK w ith 
higher gas pressure and halogen 
addition, quart/ glass 

15-200 

8-20 

Huorcv:cm lamp 

argon/Lrypton ♦ Hg filled 

18-58 

50-88 

conduct fluorescent lamp* 

as above 

5-55 

50-88 

sodium vapeur lamp 

w Kirning of double emission line 
at 58W90 nm at high pressure 

ISO 

150 

Light emitting diodes 


40-30 inW 

20-100 

LfJ> White 

AlInGoN/Phosphor 

20 mA. 4V 

20 

LED Green 

506.530. 571 nm. AlInGasN 


30. 54. 14 

LED Red 

611.658 nm . AlInGaP 

20 mA. 2V 

102. 38 


X..T Luminance and illuminance 

The light flux onto a surface and thus the illuminance £'.. (timed as light llux per square 
metre, can in live simplest case be calculated, at a given solar inadiance. directly from the 
radiating power and the photometnc radiation equivalent. For the solar inadiance one 
usually proceeds from an isotropic diffuse energy distribution. Since luminance 
distributions rising to Hie zenith are mostly used in lighting engineering, the light llux onto 
a randomly inclined surface must lie calculated from the contributions o! live luminance of 
dillerenl spatial angle areas of the sky's ddluse radiation. In the interior loo. the light llux 
onto a recipient surface A, consists of the total of live light fluxes of radiation-emitting or 
radiation-reflecting sender surfaces A, at different spatial angles. 

The task now is to integrate the light (luxes received by a Surface over all spatial angle 
areas and thus to calculate the illuminance £ for different luminance distributions. Foi this, 
a spatial angle .ill is constructed by a two-dimensional surface element dA. which is at 
distance r from the sending or receiving surface. 
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The umi nl the ihree-diniaisiotial spatial angle is steradiant |sr| ami corresponds lo the 
definition ul a two-dimensional angle in an. measure |rod). uhieh is eons Hutted by a 
circular arc with raJius r. A simple spatial angle is. lor example, given by a surface ,1.,. on a 
sphere, which is calculated as a function of (he sphere radius r and ol the height h of the 
cut-out sphere icgmenl. 


n = 


^. = i ^ = ^ f: C—C<^) = ac( ,- C ,. |6) 


( 8 . 9 ) 


Here the angle 0describes hall the opening angle of the spherical cone. The lull spatial 
angle of a liemisphere with lall an opening angle 0 = 90 is tlierefure 2 k. and of a sphere 
•Ik. 



Figure >15: Spherical cute spatial angle. 


II the light lluv ol a luminescent or radiation-reflecting surface is to be calculated hum 
a certain spatial angle, fust the orientation ol the surlace relative to tlie observed radiant 
enutlance direction must be dclcirmned. If die radiant emulative is considered not as 
perpendicular to the sender surface element .M„ but al an angle 0 . effectively only iIk 
smaller surface dA, Cus 0, is visible. 



Figure S O Effective ure of the radiara l»o- 
dimciuiunal clcmcnr toward* 0 . 


The light llui <)4». which a two-dimensional area dA, sends al angle 0 into a spatial 
angle WQ,. is termed luminance L and describes the brightness ol the surface. 
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_ dl [ lm _ cd' 
ilCldA' anO. dA, [irm : n\ 



< 8 . 10 ) 


Figure S.?: Luminance of a two-diimivticcixl area J.l, radiating at an angle 0 into a spatial angle 
dOi 


The light llu.v .W [lot) into a spatial angle iHl |sr| can be replaced by the luminous 
intensity /. In many cases the luminance i> independent of the angle ft. i.e. the surface 
appeals equally height independent ol the view ing angle. Such surfaces are teimed Lambert 
radiators. From Equation (8.10) it follows that the luminous intensity dl in Lambert 
radiators must decrease with the cosine ol the angle 0.; /(O)cosft. Rough. 

dillusely reflecting surfaces such as gypsum walls, paper etc. behave in good approxi¬ 
mation like Lambert radiators. 

In order to obtain the light llu.v of a sender surface A, into a spatial angle fii. 
integration must take place at a given brightness of this surface over the differential spatial 
angles t/Q,. with consideration given to the effective wirlace size through the cosine ol tie 
angle 0. between the surface and the respective spatial angle element. 

9 i 

The spatial angle <jS2i is constructed by the receiving two-dimensional surface d/1,, lor 
example die work surface, or even die pupil opening surface of die eye. Of course the 
receiving surface dA, also need not be perpendicular to the spatial angle regarded in eaeh 
case, so effectively only dA, cos ft is available for radiation reception. 


| LdA, cosft JQ, 


(8-N) 
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Figure $.$: Light tlux of a nutating two-dimensiorul turlacc dA, oo4o a recipient surface dA r 


The light flux falling from the radiating sender surface A. onto ll*r receiving uitfacv A, 
tluis results in: 


,~ = J J L.dA. cc*e.da =\ 


dA. cos®. 


(S.I2) 


II. conveisely, the view in from the receiving surface .A, from ihc light llux over a spatial 
angle Q ; which coven, ihc radiating surface .- 1 .. for reasons of energy conservation lie 
received light llux must correspond lo the emitted light llux and live so-called Bask Law ol 
Photometry is obtained: 

4 > = f j L.dA. co =f J L.dA. cos®, (8.13) 

o * * * r 


Ihc cosine ot live angle 6. relers to the mmnal of live receiving surface dA, aivd live 
spatial angle /til:, which is constructed by a dilleienlial two-dimensional surlace area dA,. 

Ihc illuminance E, on Ihc receiving surface dA, for any sender surfaces dA, with 
luminance results from Equation <8.13). 

E, =^-= f L.^6,ia = ft.co.® dA ‘T e ‘ 
dA z * r' 


(8.14) 
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Example S3 

Calculation of the illuminance on a hcrrscntal week surface of 1 m" illuminated by a I in* vertical 
window with a luminance of 4500 elm* at an average angle of 45 : and 3 m distance |without 
confide rat ux\ of the phixometne boundary distance |. 

If the differentials arc set as differences. 1 qaatico IK. 14> is simplified to: 

_ AO At cos0 

E ' " XT = L ‘ *“*' ~ 1 
* 

Both the angle of the radiating and of the receiving surface normal arc 45° to the spatial angle. 

_ A<& 4P cd -lm 7 cos45 

£ = -— = 45(0——cos 45 -=250 lx 


dA t = I m ? 




^ r = i m 


-v.4 = 45 ( 


dA, = 1 m ? 


8.3.1 Luminance and adaptation of the eye 


The luminance of sources of light or radiation-reflecting surfaces vary over a very wkIc 
range of values. 


Table 8.3: Luminances of scurcc* of light. 


Light source 


Sun. values depending on sun height 


Clear sky 


Overcast sky 


Light bulb 


Compxt fluorescent lainp 


Candle flame 


Paper in a well lit office 


Computer screen 


Lower limit of light sensitivity 


Lniiu/jam » (cd^m 2 ! 


to I 60)000000 


2000-12 (NX) 


UXKI 6000 


20000-50000 


9000-25 000 
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The human eye adapts lu the mean outside brightness in the visual Itekl. Thin is 
termed adaptation. and lakes place via modification of Hie pupil surface A r which expands 
with falling brightness hum 2 mm dtantelie lu a maximum ul abuut S mm during 
brightness adaptation (Henscltel. 21*121 The pupil surface, which varies as a logarithm ic 
functiun ol the luminance, enables adjustment <>l tin; penelraling light llux by a factor of 16 . 

The illuminance teaching lire eye is let through with Iransnntiance T f and strikes liter 
retina. Brightness-sensitivity is determined by the number of photons winch strike a two- 
dimensional element ol ilie retina, ie. by the luminance on the retina. This is obtained from 
the mean luminance ol line usual field, which is seen by the spatial angle Jit, of the pupil 
surlace A, at a distance r between the lens and retina t/O, =dA, r . Between the spatial 
angle and the surface normal of Ihe retina recipient surface <IA„ the angle 8 is /eiu. so the 
cosine term for the recipient surface ls omitted. 



figure ».•>: Cross-mo i in of the eye wilh dimmer i between the lorn and trims 



(S. 15) 


Besides Ihe opening area of the puptl M,,). which depends on Ihe adaptation slalus ol the 
eve. ihe hnghtness sensitivity is therefore deietmined solely by the luminance striking rite 
eve The luminance is thus the most important >|uantity in lighting engineering 

S.3.2 Distribution of ihe luminous Intensity' of artificial light sources 

The luminance of lamps or lights is rarely constant in all directions in space. Luminous 
intensity distributions are indicated by the manufacturers in polar diagrams in dillerent 
sections. Usually the absolute luminous intensity in candelas refers to a fixed lamp 
liglil-lluv. 
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Figure X.10: Light distribution curve m the CV-planc, which is perpendicular to the radiating surface 
lincan&Lis per Kilolumcni. 


II in Equation (X.14) tlx- luminance t>f Ihe sender surface is tepbeed by Die luminous 
intensity pet unit area with 


(JQxdA. CQtO< (LA, cosO, 


(8.16) 


ilic result tin ihe illuminance is 


E, =jj-=jf.,c<X0d(l : = j 


,8.17) 

,U cotO P [ /- 


with 0, as liie angle between llie receiving surface and solid angle uQ: 

With Ihe usual constancy ol live luminous inlensiiy over Ihe radiallng surface A,. ihe 
photometric distance law is obtained: 




(8.18) 


However, llie functional characterislie ol live illuminance, which decreases in inverse 
proportion lo llie square of ihe radius, only applies starting frt>m the so-called photometiic 
minimum distance, w hich is aboul 10 limes as large as llie largest linear dimension of live 
lighting suilace. 
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Example 8.4 

Calculation of the illuminance on an «S0 cm high work surface lit by a Lambert emitting lamp at a 
height of 2.5 m and a lateral distance of 0.5 m with a luminous intensity 1(0) - 500 cd 


H - 2.5m 


II 0 . 8 m 



The angle ft between th: recipient-surface normal and the light is chained from the lamp height and 
lateral distance, 


ft = arctan 



I64« 


th: distance is 1.77 m. The luminous intensity of the light toward th: recipient surface is 


/(O)cosft = 510 »if X cos 16.4 = 480 td 


so the result is an illumirunec of 


/(0 )cos0 _ 480cdX cos (164°) 
7 (1.77 ...)‘ 


147ft 
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8.3.3 Units and definitions 

An overview of ihe definitions and units in lighting technology is given in 
Table K.4. 

Tabte $.4: Units in lighting technology*. 


Photometric unit 

Symbol 

Definition 


1 Ainu nous energy 

Q. 

O. = J«Mr 

Im s 

Luminous flux 

♦. 


Im 

lAiminous c vitmcc 

M, 

<14 

Im ra 2 

lAiminous intensity 

/, 

/.-A 

j*n 

od 

Luminance 

L. 

, = 

cosC, 

cd ra 2 

IDuininancc 

£ 

ir. = | t ooteya 

If*# 

lx 

lAiminous exposure 


rf,i 

lx s 


Artificial and daylight sources can lx* characterised by die following elftctencie*. 
Table 8.5: Efficiency definitions in lighting technology. 


[tf'.wy 

Symbol 

dV/7/jir.vui 

Wfif 

Radiative efficiency 

n. 

«//• 

<W/W) 

Luminous efficiency 

n 

«/p 

ImAV 

Phoeoirctnc radiation equivalent 

A 

4> 

4> 

Im/W 

Optical efficiency 

0 

J>/>- 



Visual efficiency 
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8.4 Sky luminous intensity models 

To calculate tin.- day It chi distribution in a room. models of tlx; luminous intensity 
distiibutiiin of tlx- sky aic required. From the luminous intensity distrilxition. the effective 
surface and the solid angle, tlx; light flux onto any recipient surface*, lor example windows, 
can then be calculated. 

As tlx; simplest model. the illuminance of the sky is set as constant, corresponding to an 
isotropic sky model. The density of light is calculated using Equation (8.141; 

,.d> . 

E, = — = ( L cos0 ( </Q. 
dA, I 

Ihe solid angle ifft; is selected using Equation (8.9) as a spherical cone with hall 
opening angle 8. with 6=0 corresponding to tlx; surface-normal of a hoii/ontal recipient 
surface. With a horizontal recipient surface, die opening angle is equal to the angle of 
incidence 6. and Hie following density of light lesulls; 


m . 

E, = j /. cos® ,1 (2ir (I -cos®. ))=:«/.. j cos6. sin e,d8, =:«/.. 




sin* 





figure K. ft 1: Projection of the sky dome with cceistartf 
luminance onlo a horizontal recipient surface. 


Ihe sky luminance can thus be calculated from Ihe horittMttal irradiance. if the radiating 
power is converted via the photometric radiation equivalent into a density of light. 


Example S.5 

Calculation of the tso tropic luminance of the sky for a horizontal irradiance of th: overcast sky of 100 
NV'tar and a photometric radiation equivalent of 115 InvW. 

The illuminance cet the hcei/ontal surface is II 500 Im m*. The illuminance then produces a sky 
luminance of 
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Apart from (lx; isotropic luminance distribution. standardised distributions ol tlx- 
international lighting engineering commission (CIE) lor a clear aixl an overcast sky are 
used. The overcast, so-called Moon and Spencer sky. is characterised by a rise in live 
luminance with tlx- elevation angle a with tlx- /entth luminance L. assuming three times 
tlx* value ol the horizon luminance. 


/.o =-l (l + 2sana) 


(8-19) 


and die zenith luminance with an overcast sky ts a (unction ol tlx- sun height angle a: 

9 


L = —«r(>(XI+2 IO(X) sincr) 


( 8 . 20 ) 


Bar a horizontal surface, tlx- conical solid angle can lx- used again and the illuminance 
can be represented as a function of the angle ol incidence ft on the horizontal (which 
corresponds to the zenith angle) instead of the elevation angle a 


£,, = J |i/. (l + 2 eos 0 . )jros 0 ,rf( 2 ff(l-cos 0 . )) 


= ~l.. J (l + 2cos0 )cosd, sinfti/0. 



( 8 - 21 ) 


Hoc vertical surfaces, tlx* solid angle must lx- selected in such a way that tlx- angles of 
incidence on tlx- vertical, which change wiih tlx; azimuth, can lx- taken into account. H«r 
example, two-dimensional elements on a ting zone of live sky hemisphere can be used, 
indicated as a (unction of tlx; zenith and azimuth angles. 

In spherical polar coordinates, a two-dimensional surface in tlx- sky hemisphere with 
radius r is given by the product of tlx; sides r JO on tlx- meridian and r sintf dy on tlx; 
parallel circle, with 0 corresponding to tlx; zenith angle 6 . fix; solid angle oft is thus: 


JQ = - 


r sin ( 


no.M jy 


( 8 . 22 ) 


and die solid angle of a ring zone 
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a = J J sin BdBdy = 2n (coxd,-Cixid, ) 
r-« # 


(8.23) 



Figure 8 12: Solid angle element of a ring zone on a qihcic 


Ihe angle of incidence ©, between the solid angle element of Ihe sky with tlx* 
coordinates zenith ancle 0 and azimuth y and tl>e vertical suilace mitmal tangle of 
inclination P = 90") IN calculated with the known sun-position equations. Since the 
luminance does not depend on Ihe azimuth. Ihe vertical surface can be arbitrarily Oriented in 
azimuth direction, hoi simplification, the suilace azimuth y = 0 is selected- 


cos© — cos© cos P + sin © mii P cos] y-y |=sni© cosy 


*r 


bh 


(S.24) 


Ihe integration over Ihe solid ancle is carried out with the integration limits ol the 
zenith angle from 0 to K 1 and ol Ihe azimuth of — K 2 to +K/ 2 . since only half the sky is 
seen from Ihe vertical surface. 


= f /.(© )cus© iiii— f" j -L ( 1 + 2 cos© )i'll!© cosy J sin© dO.dy 

.o ' v 3 ) —b*—-o ' 


= -!■/. {£ J* ’sjn 1 0 <i0 cosyr/y+J ^ J" 2 cos© sm'© ,10 cosydy 



(8.25) 




Lighting technology and daylight live 


,107 


In contrast to the isotropic sky model, in which from a vertical surface exactly hall of 
the horiAmtal illuminance is seen, in the Moon and Spencer sky model only 40*5 ol like 
laoriAinl.il value as obtained. 


, L*{ U± 

L-= l , ' IT J =o.i 
£., £* 7/9 


(S.26) 


The solid angle element of Ihe spherical ring zone <lil = sin 0,10 Jy can las an 
alternative to Ihe spherical cone) also be used tt> calculate Ihe horixmtal illuminance, with 
ol course Ihe same resulls laeing obtained as with Ihe clinical solad angle. This sphere ring 
/one solid angle is used to calculate daylight coefficients, since in this way integration can 
lake plaoe over limited azimuth ranges ol windows. 


£, = j'' j i L. (l + 2 cosfl ) ^.nsfl. s ing ,10 ily 

^' |( /r(isin ; (d )J + J *(-§«*<•, )J 


(8-27) 


L.1, 

’ 9 


8.5 I.i"ht measurements 

The human eye is capable of comparing illuminances ol adjacent surfaces with an accuracy 
of about 2 r i. This was quantitatively first used in the so-called grease photometer of 
Bunsen, where luminous intensities were determined by sluning two light sources Irorn 
opposite sides on a paper screen partly covered w ith grease. If one light source has a know n 
light intensity the other light intensity /; can be determined by varying Ihe distance </ 
from Ihe paper surface, until no difference in illuminance £ is delected by ihe eye. 


grease photometer 



distance 2 


o 


light source 2 


Figure S. 13: Determination of' light inten*it:c* by lllurmruncc comparison on a greasy screen. 
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Today’* photometric recovers measure light or radiation either thermally 
(thermocouples or thermopiles I or by photo-electric techniques. The most important 
sensors are siliciunr photodiodes. which at short-circuit current operation linearity measure 
■ rradiance over about 6 orders of magnitude. Very low light times can lx- measured with a 
photomultiplier lube. 

Charged coupled devices within CCD cameras have up to 21Mb x 204b individual 
scnsois organised hi a matrix. when: elections are generated within live sensor pixels 
piupoitionally to the illuminance level and time: j lull. At a frequency of 

20 MHz the whole matrix can be analysed within fractions of a second. Hie dynamic range 
of CCD receivers is very large. CCD cameras can lx- used to measure luminance or spectral 
distributions of large areas. 

To provide Ihe correct visible spectium to the detector, eitlver integral filtering, 
combining a range t>l dill'erent Idlers completely covering live sensor suiface y,-erior is 
1.5%), or paitial tillering, combining different tillers only partially coveting live sensor 11 'i 
/■•error) can lx- used. The/i-error is an energy-weighted error using the spectral sensitivity 
of Hie eye and a standardised light souree (at 2S56 K> divided by die energy-weighted 
measured cuise of the filter*. II tlve incident light flux is not peipendicular to the detector 
surface, additional reflection losses occur, which can be compensated by round tkmxs or 
additional ttatnmitling suila.es on Ihe detector sides. Further measurement errors are due to 
linearity, temperature coefficients etc.. Ihe best photomeuic receivers have a total error of 
Vi (highest accuracy class) up to 20‘S (lowest accuracy class). 


8.6 l)a\ li”ht distribution in interior spaces 

With die asymmetrical luminance distnbution of tlx- Moon and Spencer sky. tlx- daylight 
distribution in live interior can now he calculated. First, as an overview, ail illustration will 
lx made of which zenith angle areas Ihe main part of tlx* light-flux falls from, onto a 
vertical or horizontal glazing surface, in order to make simple estimations of tlx depth 
illumination of rooms. 

Using Equation IK.2S) the illuminance on a vertical glazing lor a zenith angle range of 
0 i to 0 ; can he calculated xs follows (angles in arc measure): 

£ C = j£((*. -• -8 ,)-tM 2 <» ; )-sin( 20 .,))+!(«»*(£,)-sin* (0.,))] (8.28) 

Ihe luminance falls with rising zenith angle, but tlx- average angles of inciifcnce onto 
Ihe vertical unlace become smaller and tlx solid angles of die sphencal ring zones with 
constant zenith angle steps (Kir example IS") likewise become laigei with rising zenith 
angle. All three eflecl* taken togetlxr lead to dx fact that despite tlx- highest luminance iii 
tlx zenith, the light-flux from the high zenith angle areas is most relevant. 
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0-15 
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0.01 
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30-15 
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0.17 

45-00 

0.74 

0.24 
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0i9 
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75-MO 

0 42 

0.21 



jumtli angle 


Tabie H h and IIgut; H 14: Reduction m luminance. and increase in the solid angle as well at In ihe 
vertical illuminance hosed no Lqualmn iM 2 Xl. with (hr «in ill angle 

Ibe maximum of the vertical illuminance, here standardised on ihe «nilh luminance 
comes from ihe zenith angle inleival of 60-75". The total ol ihe vertical illuminance over 
all zenith angle areas resulLs in 



so again the retuli from liquation (8.26) is obtained. The angle ol incnlence is, lme>l on 
Equation (8.25). given by cost#. = tin#, cot/, it is Ihut not constant lor a given zenith 

angle interval, as the azimuth /v anes flora —»2 to >»2 respectively. Hie average angle ol 
tnculence unto the vertical surface falls from K.17" in tlie zeiutli angle interval ol 0-15 to 
51J" lor the inlets al of 75-MO . 

When light passes through the window. the curve shills to even higher zenith 
angles, since lire reflection losses fur tireply incident light are latge. As a rule lit 
lliutnh lor live design ol window openings il follows that for sufficient illumination in 
depth, al least the lower 30" ol the shy should he Seen. After all. fmm these zenith 
angle intervals <60-W) originate (U.21 ♦ II.26MO.M86 = 0.48. i.e. 4S<S of the entire 
illuminance of the >hv hemisphere. 
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ligiac A 15: Sufticieni illumiiunarc ofa nmn. 

High-positioned windows without aburaciiunv therefore result in goixl depth 
illumination. Nanuw. high window' up to Ihe ceiling are. photometrically. dearly better 
ilun hmad slrip windows. With hon/onlal skylights the Illuminance is calculaied Irom 
dillcienl zenith angle aieas using Equation <R.211: 



Ihe nuiumum of the horizontal illuminance standardised on tlie zenith luminance is 
now in Ihe zenith angle area .Ml-JS". From tire zenith angle area U—311" comes a total ol 
31* of Ihe entire illuminance. 



i'igioe X.I6. I he qajnl.iv uf light linking the hieironl.il gluing with an mciusl ski. depending on 
tic zenith angle 


Illuminating a room with skylights is sufficient il no mine tlian a /emlli angle urea ol 
0-30" is cut oil. 
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sufficient illuminance 


Figure S I 7: Sufficient lighting of j room mine vlylighls. 


8.6.1 Calculation of dayhxlu coefficients 

The daylight coefficient I) as the relation of interior illuminance to exterior illuminance 
based on Equation IK. I I is defined as standard lor two measuring points at a height of 0.K5 
in. and 1 in away Irocn the side walls. The dayhglit coefficient consists ol a skylight 
propoition D.„. a proportion of diffuse reflection of shading obstiuciions D.,, and an intenoi 
reflection proportion />,. 


« = (829) 

Since al>iul I SI 20. graphic inelhoils have been used to determine (he proportion of the 
sky I).i, seen from the work vuifixe and of tlie sliaded proportion />*. which only tellccts 
light. The so-called Waldram diagram contains tlie projection of the sky dome onto a 
horizontal surface and lakes into account the luminance increase to tlie zenith. Shading 
buildings obstructing llie horizon arc included with their solid angle ami reflection 
coefficient. The more complex inlet-reflections in the interior (imerior reflection proportion 
DA were only lalei included in Hie calculation of the dayhglit coefficient and aie today 
usually calculated in a simplified w ay by the so-called "split flux method", in w hich only 
sky light lefleciions from the interior floor and the lower wall sections plus reflection of 
giuund reflected light from the ceiling and the upper wall sections are icgauled separately. 

Ihe daylight coefficient is determined first in dependence on tlie room geometry from 
the raw dimensions of tlie window openings (index r) and after wauls multiplied by light- 
■educing tailors (window iranstnittance r. a framework proportion factor k,. a dirt factor k, 
and a correction factor for non-vertical incident */ ). 

/>=(D - ,,-fO - .+0..)r*,Mi (8-30) 

Is* the calculation of tlie sky light proportion seen from live point of reference first 
tlie effective elevation angle a. of the window's upper edge and tlie lateral delimitations of 
tlie window by a lell and light azimuth angle y, and f„ luve to be determined. 
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Figure S I K Geometrical characteristics of the window in ciDM-sociuin and plane view. 

Tu determine die effective elevation angle a,. tirsi deletmine ilie maximum elevation 
angle a.m from window height ft., (upper edge) and Hie shorted distance between the 
window and point nl observation, and (hen calculate (lie lateral reduction o( the elevation 
ungle with Hie azimuth y 


a. = arctan(tana. m , cosy) (8.3 1 ) 

To lake ubtiruetintui into account. the ohrtmciion elevation angles a.,( /) must be known 
as a I unction ol the an moth, lire illuminance on a hori/octal surface in the unshaded 
exterior it =L.Hl'1. based on Equation (8.27). The illuminance on a hon/untal 
surface in the interim can likewise be calculated. taking into account the reduced height and 
azimuth angles nl thr w indow 

] (SJ2) 

The zenith angle is replaced h> I lie w indow height angle a, = X/2 — 0 , with 

cih(0 ) = tm(a.). *in(0.)=eus(<r.) and sin'(0 ) = cos'(a. )=l-sm-(a.). 

The delimitation angles for tlie luminance integral are die left and right azimutil angle ol 
the window opming and y„. the lower elevation angle is the obstruction elevation angle 
a., (corresponding io the larger zenith angle 6 -) and the upper elevation angle is the 
w indow height angle «. (conespoodiog to 0 
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The externally re Heeled proportion l>.„, results as a function of the obstruction angles 
and tlte reflection coefficient p., id the ubslrucliun (typically 20 %). by integration from the 
elevation angle a = U up U> tlte obstruction elevation angle a.,. as well as over the azimuth 
angles o! the obstruction 7 . 1,1 and 7 *,. In the German standard DIN 5034 the external 
reflection proportion is reduced at a llal rale by a factor of 0.75. 


t> a, =0.7Sp__ 


—sin a.,+—sin' 


(8-35) 


The interior rellcction proportion calculated using the split llux method is calculated 
depending on the surface-weighted retlection coefficient tiJ the Hoot and of the wall lower 
part p,. (without window walls, wall lower part to height of window centre) as well as on 
the corresponding surface-weighted retlection coefficient of the ceiling and wall upper 
sections p,. (likew ise willxRil w indow w alls). In contrast, the average reflection coellicient 
of the room p includes all walls. 

|8 - 36 > 

At.**: total rixim confinement surface |m | 

/>_. ft,,: Window w idth and height |m| 


Ihe upper w indow factor /„. describes the integrated luminance of the Moon and 
Spencer sky model on the vertical surface, depending on an average obstruction angle a 
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(otuiruciion elevation angle in are measure. measured from the w indow centre). The lower 
window factor/ u . lakes into account ilie diffuse radiation reflected by the floor. 


4 (a) = 0.31RR—0.1K22 snta + 0.0773 cos(2a) 

A- (a) = 0.032S6cosa-O.O363Sa' + 0.O|RI9sin(2a')+O.O67l4 


(S.37) 


with a'=aretan( 2 iatia). 

Example 8.6 

Calculation of the daylight coefficient of a side •illuminated room without obstructions. with window 
transmittance t - 0.65. a glazing proportion of 80%. a dirt factor k 2 m 0.9 (low ccraammatictt) and a 
factor k\ - 0.85 to lake account of the non-vertical incidence angle of the in enhance. 


Room ceanxtry: 

Width B: 4 m 

Depth 7 6 m 

Height it. 3 m 

Height of window upper edge 2.5 m 

Height of window bottom edge A Kt : 0.85 m 
Width of wiiufcw h m : 4 m 


Refection coefficients of the surfaces: 

<w 

0J 

P..*.r 

0.7 

P.a’ : 

0.5 

P.»l-.. : 

0.15 

from this results; 

i surface-weighted retlectico degree of 


Pc-A- + P.„.,'‘..w, ♦ P...4-, + P«w4^_ + P..,-«..«-s. 

r< 

0.3X24* + 0.?X 24*' +0.5 X 4&ur + 0.15 X 6.6* ! + 0.5X 5.4*' 


Without obstructioni the wiiufcw factors arc - 0.3961 and - 0.1. The interior rctlccticm 
proportion ihui becomes D„ - O.OOS. less lbin i %! 
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OI2J456 


nxen Jttr.h |m| 

Figure 119: IXiv light cucflkient of the ink-illuminated room. 


If the reflation corfiioens of the wjIIx b increased la 0.7. the interior rclkviion proportion rise* to 
1.23%. Kitting the Hindou't upp.-r edge to mum height m) incrcucs the interim reflection 
proportion further to 1.7%. 

If the reduction in the daylight coefficient by tiantmiUance. frame vmwL proportion etc. is 
taken into actaiunl (factor 0.4!). at a depth nl 4 m u daylight coefficient uf uhiHit 1*3 is 
obtained. 
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